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ABSTBACT 

Studies  of  cosmic  ray  muons  have  been  made  with  a  spectrograpib  cooqprlslng 
a  solid  Iron  magnet,  Geiger  counters  and  neon  flash- tubes.  Hie  characteris¬ 
tics  of  the  Instruneot  are  described. 

'Time  variations  In  the  vertical  direction  havR  oeen  scudied  and  are 
attributed  to  variations  cf  metecrolr  gicsl  paraijeUjrs. 

Mcmentuffl  spectra  have  been  met>fp..red  in  the  range  2  -  yuo  UeV/c  for 
zenith  anglea  betveen  77.^  and  So'’.  The  I'esults  are  interpreted  as  shoving 
that  most  muons  in  this  range  <nac  fxm  pions^  an  epper  limit  of  0.3^  is  placed 
on  the  K/m  ratio  for  proton-air  nucleus  collisions  of  700  -  50,000  GeV. 

Hie  positive- negative  ratios  ccoflrm  a  near  cenntant  value  of  lo2  over 
the  range  muon  energies  10  -  200  GeV;  a  likely  explanation  is  that  there 
Is  an  increase  In  the  fluctuatlors  of  multiplicity  in  high  energy  collisions. 
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1.  zmmwcsion 


I.l  OeoeraJL  Suamry 

!Che  Cosmic  Bay  Qrou^  of  the  Qepfirtmeut  of  Fbytics;  Duzluva  CoUmges, 

5,3  undertAklog  a  programms  of  reesarch  coucsraed  maloly  vltdi  meaourwnta 
OD  the  mu<m  ccn^icaieiit  of  the  cosmic  I’fidlanloo  at  Darhaa»  To  <late  tte 
zoeaaarements  havl  ijocluded  the  interacticais  of  muooa  in  local  ahsorbersy 
the  momentum  spectnan  of  muons  as  a  rum-t.lon  of  zenith  angle  and  the  time 
varlatlcms  of  low  monentum  muotis  In  the  vertical  dlrectloiu  Associated 
Studies  have  included  the  mooeDtum  spectra  ot  .»«!er-verticel  protons  sad 
pionso 

That  pert  exf  the  work  si^portei  by  the  European  Office,  Aerospace  Besecurch, 
USAF,  coo^rises  the  variations  cf  the  marsi  flux  with  respect  to  tlae  and 
zenith  angles  Acccrdlngly,  this  report  deals  taalnly  with  these  studies 
but  reference  will  te  made  to  the  associated  studies  tdiere  this  is  aecssssry* 

Much  of  the  early  work  has  been  described  in  Technical  Botes  (HoBe 
1  to  and  will  not  be  repeated  in  detaiic  Instaad,  attention  will  be 
given  to  the  more  iiqiortaat  aspects  of  the  techniques  developed  and  the 
results  of  the  later  work. 

The  work  carried  out  falls  naturally  into  four  stages,  ss  follows: 

Stage  I  The  Solid  Iron  Magmt 

^e  magnetic  lene  technique  used  by  early  vorkere  in  comic  rays 
was  examined  and  frem  it  tats  evolved  a  device,  the  solid  iron  msgaetf 
ihlch  could  be  used  to  deflect  cosmic  ray  nuiims  in  a  well  ditflned  maimer* 

A  prograinne  of  resmrch  was  initiated  in  which  expertuants  cm  model 
magnets  were  carried  out  by  collmgues  at  Bottinghsm  Universicy  and  tlie 


College  of  Advanced  Dechnologyt  Britton  and  dealgn  atudiee  were  nade  at 
Durtwoc  eventually  a  full  scale  magnet  >«■  constructed  at  Diutasa  and  Its 
chax^terlstics  were  studied  in  details  Ihls  vork  has  been  described  by 
the  Senior  Investigator  and  his  coUesguo  (O'Conaor  and  Volfendalet  1960)0 
In  vlev  of  the  importance  of  the  technique,  (  everal  other  solid  iron  magnets 
have  since  been  constructed  by  t)tber  groups)  a  brief  description  of  the 
earlier  vork  le  given,  in  Chapter  2,  In  addition  to  more  recent  vorko 
Stage  II  ^fiiae  Variations  of  the  Vertical  Muon  Flux 
A  spectrograph  vas  c  motruc^d  exhodylng  tbe  solid  iron  magnet^ vlth 
Geiger  counters  as  detectors,  and  tho  variation  of  tbe  muon  flux  vlth  time 
vas  studied  for  varlfxis  mc^ntum  bandsc  A  description  has  been  given  in 
fiechnical  IHotes  1  and  2  axk<i  &  brief  sunaary  is  given  In  Chapter  3c 
Stage  HI  ihe  Lov  MoinenttM:  Spectrum  at  a  Zenith  Angle  of  80° 

Tbe  Geiger  counter  spectrc^raph  vas  tamed  oa  its  side  and  measure- 
men'^s  were  oade  of  tiM  mauentum  spectrua  and  charge  ratio  in  the  range 
1«3  to  40  OeV/c  for  zenith  angles  close  to  8o'^«  Ihe  results  of  this  work 
were  reported  briefly  at  the  Kyoto  Conference  on  Cosmic  Rsys  (Ashton  and 
Volfendale,  1962)  and  a  more  exi-ended  account  by  the  sains  euithars  is  in  the 
press.  A  detailed  accouat  is  given  in  this  report  in  Chapters  k  and  7« 

Stage  lY  Tbe  Momentum  Spectrum  in  Zenith  Angle  ftmgs  8o«»9Q° 

More  recently,  the  spectrograph  has  been  cansidarably  Impravad  by 
tbe  addition  of  aeon  flash-tubes  and  the  geometrical  anrangnent  baa  bean 
changed  ao  that  a  range  of  large  zenith  angles  is  covered.  Tbe  resultlag 
Instrument  has  potantlalitieB  for  studies  of  the  interactions  of  aaou  la 
dstectcrs  placed  at  tbe  output  end  of  tbe  'maebins'  and  a  conaldanation  of 
this  aspect  is  glvew  in  €!h«»pter  % 


5. 


Hie  resulte  of  prelluliaary  expe  vlatents  on  the  momentum  spec  tram  and 
char^se  ratio  ere  f.iven  lo.  Chapter  6  ^'tlere  some  discussion  Is  also  made  of 
accoc]peuiied  even  bo. 

ISie  interpreuatloQ  cl'  the  raatUtu  on  tus  inclined  spectrum  measure<> 
uentB,  in  tenac  or  tee  iiHture  otf  the  p>trticle8  \4iosc  decay  gi-es  rise  to 
the  muon  flux,  ia  given  In  Chapter  T- 

lo  2  Staff  engtlcyed  on  the  Contract 
Scientific  Steff 

fenior  Investigator  i  Dro  A-W.  Vorifendale»  from  start  of  C(xatract, 

January  1,,  1958# 

Investigator  Dr^  F<.  Ksh^on,  from  October  1,  i960, 

Heseaircb  Students ^  O’Connor,  July  1958  •  September  i960* 

JoB-M.  iUttison,  frai  October  1,  1961* 

'In  addition  graduate  students  have  been 
employed  for  short  periods  during  vacations)* 

^technical  Staff 

Jvnlcur  'technicians;  K.  Hictaards,  February  1958  -  July  1958. 

.Andersnn,  August  1958  »  Sep'bemhor  I960* 

P*Ja  Finley,  from  Oct(^r  196I0 

1«5  Objectives  of  the  Research 

Ihe  objectives  have  been  to  derive  information  about  the  causa  of  tiiM 
variations  of  the  vertical  muon  flux  as  a  function  of  momantm,  and  to 
study  the  characteristics  of  hig^  energy  nuclear  interactions  throng  a 
comparison  of  moaentaa  spectra  and  charge  xatiM  in  tlM  vertlmia  and 
iztclined  directions. 


2o  THE  a-LIO  IFON  .‘L.aNET 


k. 


2ol  lati-oductlca 

A  variety  of  techclgues  iins  avai.lab].e  for  datermiciog  the  mocienta  (or 
ensrgiet;)  of  Icnizi'Ji?  p-irticles  tut  of  IJiese  the  moat  widely  used  is  that  of 
magnetic  deflexion,  ‘ihe  -noat  coiP’’ion  ariangement  is  to  deflect  the  particles 
in  the  air  gap  of  aa  electromagnetj  in  the  early  cosmic  ray  experiments  cloud 
cheurterB  xrere  used  to  determine  the  particle  trajectories  but  more  recently 
electrical  detectors,  itainly  Geiger  counters  and  neon  flash- tubes,  have  been 
edoptedj  with  a  consrsquent  increan®  in  the  efficiency  with  which  the  field 
volume  is  used.  With  the  increasing  emphasis  on  higher  intensities  end  higher 
upper  limits  to  mcoientum  datcrminatlons,  the  size  of  magnet  needed  has 
increased.  A  further  increase  by  an  order  of  magnitude  is  aJjnost  out  of  the 
question  ilth  conventisrial  me'cbods  and  soire  other  approach  Is  necessaryo 

If  attention  is  confined  to  non-interacting  particles.  In  particular  to 
muons,  the  immediate  possibility  arises  of  deflecting  the  pcurticles  Ih  mag- 
oetlsed  iron  as  distinct  from  the  air  g^p  of  an  air-cored  magnet.  With  a 
magnetised  iron  system  ('solid  lion'  magnet)  the  magnet  can  be  of  sio^le 
form  and  can  bs  highly  efficient.  iSias.  high  inductions  ond  large  volumes 
can  be  achieved  for  low  powers  of  excitation. 

Althou^  the  probability  of  a  muon  suffering  a  large  deflexlcm  throuf^ 
it  short-range  Interaction  with  nuclei  is  small,  there  will  be  a  finite 
deflexion  In  a  thick  absorber  resulting  from  multiple  Coulomb  scattering. 

This  results  in  a  limit  being  set  *>.0  the  accuracy  with  which  the  momeutum  of 
a  single  particle  may  be  determined.  Although  the  r.ai.s«  angle  of  scattering 
Increases  with  length  of  trajectory,  L,  as  L^,  the  magnetic  dsf lection  increases 
at  a  faster  rate,  aL,  and  the  fractional  error  in  momentum  determination  falls 


accordingly  as  .v*^<>  In  practice,  then,  L  is  oiade  as  large  as  posslblso 

ttse  of  oagoetlsed  iron  for  deflecting  cosmic  ray  ijarticles  is  not 
a  nev  idea;  Kossi  B''rtsadlnl  et  ala  (19^5)  and  Cooversi  etaLo  (19^^) 

have  all  used  nagtatlc  lenses  for  paz^lal  separation  of  positive  and  nega» 
tlve  mesons,  but  the  present  vcrk  appears  to  be  the  first  to  develop  the 
technique  for  the  precise  determination  of  particle  momenta-’ 

Design  of  the  Magnet 

design  of  the  full-scale  magnet  used  at  Durham  uas  mainly  the 
result  of  theoretical  studies;  the  model  experiments tdiich  were  carried 
out  at  the  same  time  as  those  cn  the  fttll-’-scale  magnet,  were  carried  out 
mainly  t  o  give  measuxemec.ta  ufalch  could  not  be  made  on  tdie  fuU-scsule 
magnet^ 

the  linear  dimensions  chosen  were  the  result  of  a  cooprosilsa  between 
the  condltiona  for  high  slgnaJL  to  nciee  ratio,  large  collecting  paver  and 
tolerable  coata  lha  height  chosen  for  the  magnet  wsa  2^  in^,  for  vtalch 
the  theoretical  signal  to  noiae  ratio  is  at  an  excitation  current  of 
l6  A,  the  magnetic  deflexion  is  la  66^  for  a  particle  of  momentum  10  OeV/c 
and  the  momentum  loss  in  penstrating  the  iron  la  0a89  GeV/co 
2o5  the  Gonatructlon  of  the  Magnet 

nte  magnet  consists  of  ^  horlsontal  laialnatioosc  of  nominal  thickness 
In-,  and  weight  ka2  cvt  per  plateo  A  diagrsBBatic  view  is  shown  In 
Flga  2«.l  (Oje  nagnet  is  there  shoun  in  the  poeltion  for  deflecting  vertical 
particles  )a 

constitution  of  ihe  iron  la  Aom  In  Dsble  2.1a 

Colls  were  wohad  on  two  sides  of  the  magnmt  (B  mad  C  cf  Fig.  2.1)}  In 
the  first  arsmngsmsnt,  used  for  memsursment  of  the  field  distribution,  the 
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table  2ol  Chemical  CGBiP'.‘eltlon  at  ircM  .‘awtd  ic  tfce 


EXtHDODt 

C 

S 

f  Mn 

SI 

Cx- 

W1 

Cu 

^  by  weigh t. 

,07 

026 

.01  ,56 

.01 

.021 

.11 

..20 

Sn  Co  ^e  V 

A1 

Mo 

F* 

by  weight 

026  .  017  0O51  ,0i 

.  058 

015 

remaiader 

(BcS  S.  2b  ^art  6.  Spec,  tS}.. 


Y 


He. 


Lim.rsof 


- \~ 


■f- 


A 


■v' 


.^i£[^-Jfc_. 


f^y  . - 


SxkJr, 


s: 


rr.. 


cc 


Fl^o  2ol  Qm  DarhuB  fiiU  tnalc  and  tbe  variatxoo  of  iJ)diBcti<xi 

vlth  azcitatloii  corrant.. 


onilB  were  split  >o  enebln  '{<■•<4 -cj  c  .*.!'  wlrea  to  be  i^aerted  at  tli»s  centre  of 


the  deflecting  vbloine,  u..-  in  r.  i-  r  lO  ,  record  appllcatloc  the  coils  are  can* 
tinuousg  'iie  c.vilB  cors  -Ht.  ol  ‘?0  t.  ti's  o'  it  S  W  cyp-jor  irire  on  each  yoke. 


the  lota'..  -.1  ue  •J;-  <  •:  i6  r.eir-g  6.2^  ohaa  arid  the  oeif-' 

4 

irdoctwiic't'  m  l  \  r  t '}  ihH  a?  up  at  ■‘Jbe  preae  it 


t\m)  y 


in  mvpLIid  -  .t-  ^  i  a  jae:-D,s  rMct.lfler  and  a  reversing 

«vritcJi  it.  1/ c  ' .  t  r  ‘  ;l.g, 

c ;  ^  1  ha ^  ^  ^  ..I 7  ^  t*  F  :i  L I  *>  1  t 


Insuiai^d  vl;  *  fi\*e  plate* 

(Fig.-  2  1,].  in  (h-*  ."Jr-^t  ’r3.ii.  r1;'.:.  ;iri  t  fc.:  v^riaf.on  of  /-klA  fn-ai  one  gr  np 

iTf  pjate^  T.n  tae  o^ort  J/  .ih.  le  neadu^^men  e  >''nd  a]J  auccesaive 

tQeaavxerzseni^  p  /asd*  *:  oa  vidrfjtec.  x]ujanct^jr  and  currrfit  xeversaJLo 

The  (aean  Inductloa  .d  ;ir  iU}:  ^’»c<  ;’ourd  frtTia  /ii4  by  dividing  by  the 

V/ 

area  and  the  reaaitg  are  pi  pot'?’*:  ! -‘  ^:g.  2.  id  Adtlrough  not  of  practical 
Iffijisrtance,  therr*  is  f\  r*  irartit ;«  i  vt  i-ac  Idinl  varijrtl'n.  it  lf>  Intureatlng  to 
ccte  that  a.  stald-u-  var.>tl'Jii,  :..L’:.rowgb  net  ae  marked,.,  raa  foond  by  Bennett  and 
Kaah  in  their  .ac’ijir'j  e<y  ,  .nt-ir- ■  nof-  lag.  ;  5.''  ihe  arlgru*  cd  this  varlatio.- 
l8  not  knowno 


The  voilatinn  cf  ^h^de  raagnet*  with  respect  to  excitation 

current  and  position  or  :he  sil»f  waa  f.  and  very  singly  froo  measoreaente 


with  a  single  »e.tirch->  ti  wrc,j.;,.t' d  art.tnd  tJte  whole  of  the  slfieo  Ore  neasure** 
meets  with  the  first  n?"'-  s.>nwa  in  FigSc  2oi  and  2=2,  where  the 

mean  valne  of  B  .ie  ptolUc,,  is  seen  thst  t£>n  variation  over  the  area 
occupied  by  tjv'  cciia  Is  t<;r.  'r«>>^r)at*. 
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0  10  20  4o  ij.o 


I>«4CQnc.t  -frorn  centre,  m  cm. 

rig.  2.2  Vtolatioiis  of  mdufttloa  with  groiqp  mabnr  aa4  positioo 
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Currenb 


Thp  anttitvlm  aioi«i  w.  tim  meu  tc  on  rnnkncin 

flitt  aQjL  dm  'vnrintian  of  iii.iUcrr.iaQ  with  ^voup  aaiwnr. 


fO  c< 


II. 


Fiei-  -’oH,c)  eoabieii  ^he  stability  ol'  the  traeaebic;  indactlcm  to  cheui£.e3 


ii,.  ixoi  te.t:ion  to  hr.  ;  che  rssulti'u  value  i'or  the  ratio  of  the  I’mc- 


tior?al  iailut;tloi'  to  -hot  ;ia  ca-rent,  vi.to  ('^j/  is  0»178  at  an 


.trai 'Xs/tion  ■_  cf'  A.  Such  a  Jeixec  of  t  .ia  tiiixl,/  is  emineritl^' 


.;o  t.\  .;raci.o,'o . 


'  i-'  The  Met-jitreueabs  t”,  Magr^e  r. 


The  i-a'^ln  use  of  ;he  riea..tj‘emf'rts  vith  the  aoial  nagnets  aade  oy  Bennett 


a;^J.  ilfe.ch  (,  lf  6c')  vith  ru;_ar'.i  to  the  preceas,  Gtaoies  has  been  la  the  predictions 


‘.hey  f'-ve  aboi'o  the  i:). Lloa  lu  rer.ions  of  ohe  laagaer.  inaccessible  in  the 


■'oil- r  caJ.^  - iicrj"  •: 


c;-.'  the  ; 


is  ihovo  jlspra-ixxatlx  a.’ ly  in  F1q,c  2„jf  vhere  some  of  the 


n?su  -t.s  or  ...,ea.';tiro..ico.  ?a’c  aisc  shovuc  Fij<.  A=5(c)  shows  the  leakage  flux 


O’/e.c  the  aciface  ona  ooul'inu!-:  the  IhrJtG  sat  to  the  asefol  region’  adopted 


in  the  fuli-:  cale  ;.ia£.nec  ■:  sec  Fig.  L',  l(b))o  Fi(;.  2. 5(<i}  shows  that,  as  voul. 


os  e-rpec'ea,  -variaiiojis  in  iniactJoa  froim  group  vO  group  diminish  as  the 


•xcitatioa  i  urrotit  locreabes. 


The  mo.^ .  iiiportant  of  the  sisaouremeatc  concerns  the  variation  in  induc¬ 


tion  frcic  poiou  to  point  in  tiie  airection  Oy,  These  measareisents  were  made 


wich  vbat  vaa  si  entlally  a  two- dimensional  model:  a  section  of  thickness 


0.5  ln.aiia  linear  dimensims  as  shown  in  Fig.  2.4.  The  coils  contained 


510  turns.  Search  colls  vei%  located  in  fine  holes,  as  shewn.  The  results 


give  the  variation  of  jM:.  with  y  and  show  that  over  the  regl<S3  a>i05ptod  IM 
the  useful  region  in  the  iull-scale  magnet,  which  corresponds  to  the  m^Sjm 


AC  reflected  about  A  (in  Fig.  2.4),  t^  variation  is  tcderaole. 


The  net  result  cf  -all  the-m^sux^ffi^ts  isf-that 


(fidl.-for  vertical'  trajectories- over-' 


fiolO  A 


Rou>  2> 


i 


I 


Fi4«  2*6  Ccagpurlsoo  of 


fct,  a\ 

(  fu\|  ,  scale) 


t  WqsVi 


H  (o^.'Tst  «.ci) 


2it  qpamtiae  v»1m*  for  tlw  varloo*  solid 
iroB  aicMto. 


jcaJ.e  mfjaet  i..  '“5, it  vai'iat.ion  cax;,,  with  the  scatceriait. 

ue  .illows.i  Tor  if  v-^rv  accui-b-.i'^e  .aiiai-ureiaewo.-  a:"t:  to  be  nK',de- 
MeaGUixraontL.  vith  the  Latest  A?ra.rii':>:;iier;t 
Ac  bao  been  pclaaei  out  aareaj^’,  the  has  been  re-assembied  axil 

it  at  pi-eneat  'ueiric  aeel  to  i-tul;/  hori  .oxitol  inausuremeiitso  A  pax^lcularly 

f 

\ 

preuiue  set  of  aeauoranexito  of^BlA  over  the  vAiole  las-gaet  tos  beea  male  and 
tfje  reeultG  are  shown  in  Fig.-  2.5"  The^e  meacuj'eceats  were  male  by  tvxo 
aefsocli  Involv  inr;  Fluiaaeter.'  ealli^ratei  uting  itanJara  Ciutual  and  self- 
mJ.uctaiare&t  Corrections  v/ere  appliei  ioi'  the  finite  time  ctf  decay  of  the 
exci ’iafion  .. urrcnt. 

M3auurecenic  have  alto  been  .uatie  at  ^he  ripple  in  the  excitation  curren 
lix  uorxul  opsx-a >: Lon 5  Uie  r.ta..3.  varJat...o:i  is  5>  Ihe  correaponllnc;  varia¬ 


tion  in  induction  is 


5“  TIME  VARIATIOMS  CF  THE  VEIWICAL  MUOH  FLUX 
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3«1  Introduction 

3. 1. 1  Historical  Introduction 

Exhaustive  review  papers  on  'Jie  rlux  variations  in  general  have  appeared 
(Elliot,  IS 52;  Sarabhai  and  Hfjrurkar,  i' 56;  Dorman,  JS57)  and  these  all  show 
that  the  largest  variations  are  due  to  variations  in  the  meteorological 
parameters..  It  is  these  variations  that  will  ce  dis._uEsea  here* 

'Ihe  existence  of  a  correlation  between  tl'.e  intensity  of  sea- level  cosmic 
rays  and  metwiological  factors  appears  to  have  been  first  pointed  out  by 
Jfyssowsky  and  Tuvin  in  1.  2S.  These  workers  fcund  chat  a  change  in  barorotric 
pressure  of  1  mm  Hg  proaucea  a  change  in  intecsity  of  5»  ^5  the  changes 
being  in  opposite  ^.irectionso  This  variation  was  correctly  interpreted  as 
being  due  co  the  increased  absorption  ana  tberafore  lower  Intensity  at  higher 
atmospheric  pressure  and  vica  versa  at  lower  pressurec 

With  the  development  of  cosmic  rai"  oe sectors  having  high  counti.  g  rates,, 
and  is^rovemenoB  in  the  collecting.  Off  meteorological  oata,  particularly  with 
regard  to  regular  measurements  of  upper  atmos]^ere  oata  with  ballocxis,  further 
correlatlcns  became  apparent.. 

3»1«2  The  Bquatl<»i  of  Duperier 

These  correlations  can  be  most  conveniently  UDaerstood  from  the  early 
work  of  Duperier  (19^  )•  Dtqierler  showea,  by  analysis  of  the  day  to  day 
changes  in  the  intensity  at  sea- level,  that  the  changes  ccHila  be  correlated 
with  the  following  meteorological  factors. 

1.  The  barometric  pressure  -  P. 

2.  T)»  tMig^t  of  the  100  mb  level  in  the  atmosphere  -  B. 

3*  The  average  ceo^rature  of  the  atmosphere  between  the  100  mb 


and  ;  n'' 


n. 

Thus,  co.'ialderiiic  i-he  I  mctioral  change  in  intensity  Al/l  at  sea- level 
ani  tne  parameters  P,  S  and  T,  they  ;aay  be  related  oy  the  following  eqnaLiOBo 

AT 

.,T •  ai  O'.  A.f^  o_.  AH  +  a,^  at 

where  Alt',  AH  and  Al  cei-reseiTt  the  changes  in  the  respect i.ve  pajtimeters,  the 
Q'e  being  their  respective  <o  eff  icients 

Considering  the  physical  siyr if Icance  of  the  various  parameters  it  can 
be  seen  that  represents  she  mass  abso^-^tion  effecc;  an  increase  in 
pressure  will  cause  mc.re  low  energy  p-mesons  cC  be  absorbed  by  the  atmosphttre 
before  they  a'each  saa-leve.l  with  a  corresponding  decrease  In  intensity.. 

Clip  represents  the  decay  coefiicient,  and  oay  be  interpreted  as  the  cheunge  in 
sui-vival  probnbil.ty  arising  frcvi  n  change  in  height  of  the  meson  formation; 

»“n  increase  5.ji  H  causes  more  ij-mssons  to  decay  into  electrons  oefore  reaching 
sea-level,  thus  again  the  intensit:  fall;-:.  The  third  parameter,  a^,  Is  the 
positive  temperature  coefficient  cije  to  the  competition  between  n-p  decay  and 
nuclear  capture  of  the  parent  n-oeson  near  the  production  level;  a  rise  in 
temperature  gives  a  corresponding  fall  in  density  a w ccaasequently  more 
n-mesons  decay  and  fever  interact  since  the  average  interaction  distance  will 
increase.  At  sea- level  bhl.s  will  result  in  an  increase  in  intensity  of 
p-mesons  with  Increasing  temperature  of  the  upper  atmosphere. 

3»1»5  More  accurate  analyses  of  the  Meteorological  Effects 
Many  over-simplif  lcatl(»s  of  physical  processes  involved  have  been  made 
in  deriving  idie  regression  fonsula;  for  example,  n-mssons  art  not  in  fact  genera¬ 
ted  at  a  unique  height  but  have  a  probability  of  generation  lAilch  varies  with 
height,  T  and  P  are  not  independent  etc.  In  practice  thaysilom  it  la  found 

that  the  coefficients  are  not  strictly  constant  but  vary  with  tios,  for  each 
exjberiaental  arrangem»E.t,  and  ;ucocsi8tencies  appear  between  the  results  fros 


\g 


d5:fferent  arrangements*,  In  particular,  widely  differine,  values  of  a,^  aave 
been  found  by  different  workers,  ranging  from  -0.025  +  0^027  to  ■JOol'*^  + 

0,02k]li  per  *^0  (Bachelet  and  Conforto  (195^)  have  summarized  the  discrepaiicies)o 
M»jch  more  elaborate  regression  foi-mulae  have  in  consequence  been  developed 
to  take  account  of  these  factors,  demanding  a  knowledge  of  the  physical 
conditions  over  the  whole  of  the  at-nosphere  instead  of  at  a  few  selected 
points^  These  treatments  have  been  carried  out  by  a  number  of  authors, 
notably  Olbert  (1953,  1955)  an*!  Dorman  (1957),  and  have  resultea  in  more 
satisfactory  agreement  between  theory  and  experiment  (e»gt  the  results  of 
Matthews,  155S  -»  A  more  detailed  discussion  will  be  given  latcr^ 

A  further  important  point  that  can  be  considered  here  is  that  the 
coeff icieats  in  the  simple  regression  formula  represent  the  aggregate  effect 
summed  over  particles  having  s.  wide  range  of  momenta,  over  the  whole  of  the 
sea-level  momentum  spectrum  in  fact.  Now  the  theoretical  analysis,  as 
distinct  frcm  the  empirical  anal;y'sis  of  Duperler  (19^),  considers  the  expected 
variations  as  a  function  of  momentum^  Referring  to  the  simple  regression 
formula  we  should  expect  the  coefficients  to  vary  with  momentum  as  follows: 
la  a  should  fall  with  increasing  momentum  since, as  the  momentum 
rises,  the  amount  lost  in  traversing  the  atmos^ere  ('^2  GeV/c) 
becoiaes  less  and  less  In^ortanta 

2„  cXg  should  fall  with  increasing  momentum  because  at  the  higher 

momenta  the  prooabllity  of  p-e  decay  becomes  progressively  smaller* 

>  0^  i^ould  become  more  inqportant  at  hlg^  momenta  since  it  is  only 
at  high  momenta  (>20  GeV/c)  where  there  is  significant  lose  of  a- 
mesons  by  interaction  rather  than  uecay* 
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5<.l.  4  Experimeatal  studies  of  che  Variations  as  a  Function  of  Momtnta 


Systematic  experimental  studies  of  the  intensity  variation  as  a  function 

of  momentum  have  not  been  madeo  Some  relevanb  work  has  been  carried  out 

howevero  For  example,  meaeurements  have  been  made  using  counter  telescopes 

under  absorbers  so  that  the  data  refer  to  particles  having  energy  greater  than 

some  minimum  value,  111118,  measurements  were  carried  out  during  the 

Inteinational  Geophysical  Year  using  counter  telescopes  at  sea- level,  with  a 

thin  absorber  to  give  «  OJ-  GeV,  and  at  various  depths  underground:  25 

metres  water  equivalent  (M,W.  1,  giving  *  6c  4  GeV  and  at  55  McWcEo,  giving 

E  .  »  l4c4  GeVc  These  measurements  have  shown  that  there  are  no  gross  dis- 

mln 

crepancies  between  experiment  and  theory  but  a  more  detailed  experimental  study 
of  the  momentum  (or  energy)  dependence  is  sr-ill  desirable.. 

3-2  Properties  of  the  Spectrograph 

The  general  characteristics  of  the  instrument  were  described  in  an 
early  report  (itechnical  Report  Noc  1)  and  a  more  detailed  account  of  accurate 
momentum  determinations  was  given  in  a  later  report  (Technical  Report  No-  3)« 
Briefly,  the  instrument  comprised  three  trays  of  geiger  counters  mounted 
two  above  and  one  below  a  solid  iron  magnet  (Fig.  3' !)•  Coincidence  circuits 
selected  penrtlcles  idilch  were  confined  to  a  narrow  angle  of  incidence  (near 
the  vertical)  and  a  restricted  range  of  momentum<  The  configurations  of 
counters  used  allocated  particles  to  momentum  oategories'  for  which  the 
median  momenta  were  as  given  in  Table  3°  I* 

3*3  Treatment  of  the  Experimental  !>■■  ta 

3'>3«1  The  basic  data  on  particle  rates 

The  number  of  particles  traversing  the  spectrogram  was  recorvktd 
automatically  every  25  minutes.  The  spectrograj^  was  ope»ted  for  an  extended 
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TABLE  3.1 

CATEGORY 

Median  Mom.  in  GeV/c. 

Rate  of  Particles  in  counts/hr. 

111 

9-1 

72»7 

no,  112 

3.0 

6O06 

220,  113 

3.1<. 

U5»3 

Categories  110  and  112  select  particles  having  the  saune  mooieatum  distribution 
but  opposite  sit,ns,  similarly  for  categories  220  and  UJ. 


period  on  each  otf  the  categories  (liable  ^al),  some  70,000  particles  being 
recorded  for  category  111  and  about  10,^00  particles  for  each  of  the  other 
categorleso 

The  magnet  current  was  monitored  using  a  recording  mlllianmeter  and 
alternate  records  were  obtained  with  the  direction  of  the  magnet  current 
reversed^ 

Acfaeck  on  the  performeusce  of  the  instrument  was  carried  out  by  examining 
the  distribution  In  the  Interval  of  time  between  successive  partlcles«  Ihls 
was  found  to  be  accurately  ccms latent  with  a  iPoiaean  distribution,  indicating 
satiafactory  qperatlono 

3o3o2  The  Meteorological  Data 

The  meteorological  data  used  in  the  analyses  i^as  obtained  from  the 
Meteorological  Office,  \ho  publish  data  found  from  radioeonde  observations 
frcm  a  number  of  stations  In  Britalnc  ilhe  nearest  station  to  Durham  Is 
Leitchars,  some  120  miles  to  the  northp 

Before  the  data  obtained  from  Leuchars  could  be  used,  however,  it  was 
necessary  to  study  the  effect  that  this  distance  would  have  on  the  accuracy 
of  the  data,  ais  applied  to  Duxhamp  7b  enable  this  to  be  done  the  data  from 
3  Meteorological  Stations  was  studied  and  caitg;ared;  Leuchars,  Bemsby  about 
130  miles  south-vest  of  Duxham,  and  Aughton  about  the  same  distance  to  the 
south-east»  Thus  IXuham  lies  roUe^ly  equidistant  troa  thmse  3  stations,  in 
the  centre  of  the  triangle  formed  by  thaso 

A  close  study  of  the  data  from  the  3  stations,  carried  out  over  a  period 
of  days,  and  including  the  variations  of  tenqierature  and  pressure  levels  19 
through  ths  atmosphere,  revealed  little  significant  chsnge  from  (station  to 
statlODj  thus  it  was  cracluded  that  for  ths  ^sent  study  the  data  (htainsd 


from  Lcucbftrs  vas  aatisfaotorj ;  £U5d  Uhat  a  detailed  stady  of  the  variation 
In  Intensity  of  ^^-mesof^s  vlth  the  atmospheric  paremeters  could  be  caiTied 

OUtv 

The  meteorological  date  eti-trac  ted  for  use  in  the  analysis  comprised 
the  following: 

( 1 1  the  sea  level  pressure 
(11)  the  heights  of  the  ICO  mo  and  I50  mb  levels 
(lllJ  the  atoosjdieric  tempersturee  at  sea  level  and  at  the 
500  mb,  200  mb,  1^0  mb  and  100  mo  levelSo 

The  rate  of  j^rticles  was  found  for  i»-hourly  periods  and  was  plotted 
against  time,  along  with  tha  meteorological  parameters  given  above^ 

5<,4  fJaa  Results  on  Correlation  with  Pressure  Changes 

5'  4. 1  The  single  correlation  treatment 

The  results  of  the  simplified  analysis,  in  ^ich  the  correlation  between 
Intensity  and  pressure  alone  was  studied,  were  described  In  detail  in 
Technical  Report  So^  I-  "aie  result  vas  that  the  fosm  of  the  varlatiOB  of 
the  pressure  coefficient  with  momentum  vas  similar  to  that  expected  but  that 
Its  magnitude  ms  some  70^6  higher  than  expectation. 

5«4o2  The  correlation  treatment  of  Dorman 

As  waa  fflentioned  in^.ioU  a  ccnpr^nsive  treatmaut  of  the  correlatloo 
problem  has  been  given  by  Donaan  (1997)»  Ihla  author  has  pointed  out  that  the 
atmospheric  {en^ersture  is  intimately  connected  with  the  baroaetrlc  preaaure. 
Thus,  moat  of  liie  troposphere  is  usually  vaxmar  under  hl^  pressure  and  ccdder 
at  low  pressure;  In  both  cases  the  result  la  an  enhanced  variation  in  cosmic 
ray  intensity  and  an  apparent  increase  in  the  j^ssure  coefficient. 


FoUovlng  Dorman)  tne  effect  cf  temperature  variations  (at  constant 
pressure)  canbe  considered  as  follows;  Ihe  relative  variation  in  tbe 

m 

intensity  of  p-mesonS)  due  to  variations  in  air  teiqperature  6T(b)  in 

M 

the  region  from  the  top  of  the  acmosphere  to  the  level  of  observation)  h^) 
may  be  represented  in  the  form 

6N  po 

s  /  Wy(h;  6T(h)dho 
0 

where  W^(h)  is  a  function  indicating  the  role  of  the  various  layers  of  air 
In  the  production  of  the  temperature  effect  on  a  1°C  variation  In  the  air 
temperaturco  W^Ch)  therefore  represents  the  'density'  of  tl»  ten^rature 
coeff  icienco 

Dorman  ^ows  that  W^(h)  -/arles  stz^ngly  with  the  level  of  observation) 
h^)  the  R-meson  production  spectrum  and  the  minimum  energy  of  recorded  4- 
mesons 

It  is  now  necessary  to  find  the  value  of  this  integral  for  the  periods 
of  time  for  which  data  for  each  pressure  range  were  accumulated  and  to 
correct  each  intensity 0  Ihe  result  viU  then  be  a  corrected  mean  intensity 
for  each  pressure  range)  from  which  the  corrected  pressure  coefficient  may 
be  found  directly^ 

nte  variation  of  V^ih)  with  h  was  calculated  by  Donan  for  ik  m  0»k, 

60  4  and  14>4  QeV)  with  the  result  shown  in  Flgo  3°  2a  For  the  present  work 
the  variation  is  required  for  other  values  of  ik  and  che  equivalent  alnimuBi 
values  for  each  of  the  moosntuga  categories  eure  given  as  follovs: 

2a 0  GeV  for  categories  II3  and  220, 

2a 3  QeV  for  categories  112  and  110, 
ai^  3a  5  OeV  for  category  Ulc 


Values  of  V/  (h  *  ware  founl  c.y  .a  u.j-p'/lci  iJ  on  ou  a  fcraph  erf'  W  (h)  agaiast  Ae 
vith  h  as  paxaioetex'*  ana  the  ivsult?  also  saown  in  Pi£^<  5e2o 
Ite  inUJgral  cat?  :?e  ^r.  v.q  actcarac;^^  a© 


h^'i 


h.'^' .  !. 


yfcere  Ah  0  ]  atToaphore  lu  i  at  jt  r.au  liiJez^noe  ir  r^aioerature  of  the  laj'er 
(hi  from  ics  meeui  "/slue'  Ap.l  'jf,;,  Uiis  to  the  present  experiment  S was  computed 

t.  ■ 

fron  the  meteorologi'^-sl  .  U^terpolntin^;  the  temperature  values  vhere 
necessary,  for  each  cute^ox'.  The  iritensltles  vere  then  plotted  against  for 
narrow  bands  <xf  prestax’e.  )*ango  ox  values  of  f  was  chen  taken  and  the  mean 

intensity  was  plotcec  again ?t  4  fox*  each  pressure  oand-  These  carves  ware 

; 

then  normalise i  to  the  fxacie  moan  vciue  to  ^:ive  a  master  curve  of  'mean* 
intensity  against  S  for  eacn 

It  was  found  \,h8t  the  resJilt Uit,  'curve  ,  ccxnposed  of  normalized  inten- 

sitleSj  aliowed  Jjarge  fluctuzitiocc  from  one  value  of  /'  to  the  next..  In  mai^ 

cases  the  fluctuaticnc  '-.ere  i^reztov  than  could  ts  acccantel  for  by  statistical 

errors  and  ii.  was  not  poesltle  to  verify  the  predicted  variation  of 

However,  an  approximate  corrertod  pressure  coefficient  was  c>x5>uted  for 

each  category,  as  follows.,  the  data  referred  to  above,  on  tte  range  of 
r 

value  of  ^  for  each  pressure  tsand,  was  taken  and  the  intensities  were  nonnalized 
so  that  in'tensity  we  the  same  for  each  band  of  The  oean  of  these  corrected 
intensities  was  than  takes  for  each  pressure  band  and  plotted  aeatost  pressure 
and  the  'carracted*  coefficient  determined.  Ibis  me'thod  la  not  exact,  but  la 
tbouflbt  to  be  more  accurate  than  the  first  appraxiaati^  Eaaentlally,  it 
assumes  that  the  taqexature  effects  have  'the  form  predicted  by  Dcmnan  but 
that  'the  magnitude  may  be  different.  The  resulting  values  of  0^,  which  ehov 


(220) 


2% 


rather  large  errore,  are  given  in  Fig.  3.3.  It  vUl  be  seen  that  they  are 
systematically  belov  the  theoretical  curve* 

It  is  massuriog  to  see  that  this  treatment,  vbich  voold  be  expected 
to  give  an  underestimate,  does  in  fact  give  lov  values,  vhereas  the  simple 
method,  as  expected,  gives  high  values.  It  is  pezteps  fortuitous  that  an 
average  of  the  two  sets  of  values  is  vexy  close  to  the  eiqpected  curve. 

3.^.3  CopelnslCBs 

It  must  be  co.x:luded  from  these  experiments  of  rather  lov  statistical 
accuracy  that  there  is  no  evidence  in  favour  of  suiy  great  discrepancy  between 
the  experimental  and  theoretical  values  of  the  pressure  cotff icient  of 
^.oiesaas  at  ground  level  in  the  momentum  range  2-10  QeV/c. 


k  THE  MCX^EHTUM  SPECTHU14  AT  8i)°  TO  THi:  ZENITH 


4. 1  Introduction 

Cosmic  rays  which  ax’rlv'e  ut  lart;e  zen:,ch  angles  (the  term  ’zenith  angle’ 
v.:]l  be  used  chrou^,bouL  to  .neatj  angj.e  viLh  the  vertical)  at  sea  level  are  of 
Laterest  for  tvo  x-easons;  first!:/,  because  they  give  ini'oiiuation  about  the  x)arent 
particles  I  a'oci  which  they  ar^e  lerlvedj  and  seconvlL^',  because  they  consist  mainly 
iLUons  ol‘  very  high  average  enerfj.esv 

>'Ieah‘m’ai:ienb.:  of  the  intensity  ol  j;art’/c  es  at  large  zenith  ang.les  have  been 
made  oj  Jakeman  Wilson  l'S5S);?  ‘3iDd  Sheldon  and  Duller  (1962)  but  the  only 

pievicus  aeteraiiiarion..  of  xicxnentom  spectre,  are  the  experiments  of  Moroney  and 
Puny  (lS5^j-;>  f's.k  et  al.  (1S6].)  and  Allen  ana  Apostolakis  (l56l)« 

In  the  expericienc  be  j.escrlLeu.  a  magnecic  spectrograph,  coaprising  che 
‘’solid  iron’*  rrjagnet  with  counter  rscors^ing;  has  been  operates  at  Duriiam  (200  ft* 
above  sea-level)  and  the  mcxnentura  rot^csrum  of  muons  incident  at  a  zenith  angle 
of  80^8’  j;  has  been  oieasure^.  intne  ire^nte  1*3  -  to  GeV/c« 

^  Spectrograph 

'Pne  apparatus  i^Fig*.  4*1;  consistea  of  )  trays  of  Geiger  counters,  A,  B 
and  C  and  the  magnet*  Each  tray  contained  8  counters,  each  of  sensitive  length 
60  cm  6ind  internal  diameter  5*5  cm,  and  an  assembly  of*  three-fold  coincidence 
circuits  permitted  ’’parallel”  telescopes  to  be  selecteu#  Particles  were  accepted 
with  zenith  angles  between  81^48*  and  78^28’,  the  axis  of  the  aOTwatus  pointing  in 
a  direction  55^36’  east  of  magnetic  north*  The  opening  angle  of  the  telescopes 
projected  on  to  a  horizontal  plane  was  2S° 


lo. 


3xten3lvn  tiir  -.'.hover:-  re,jf^cle.i  jy  requ  nrii,  that  only  0£ie  toanuir  ia 

ttucb  ■:'l  the  trUj..  A,  B  ani  J i cti-are.sav  Th:  .v--j.e^ i^iou  ai-;0  tauae...  th* 

.la;je  cn'  thczG  tiuons  vhii.h  at’..oripaais.-  oy  cLher  pu,vxit.ijti  or  whl<-h  pro- 

dacei,  ;'_n'Och--o;'i  c i.vc'ar  1..  the  lr:-o  aoa  he.'H;  .'  rl.is  to  two  particles 

•.rat  ? r\  c-ray  Cj  the  'yj.utai  '[  j  .  ba-c  been  tjieatu-.’ad  ;'r*  %  tuoi'.e;iae.o.. 

aii-'ter'Iuerii;  (§;.  aau.  ^6)  tray,  oi  <\Gcn  rlath- tucec  plats,,  close  to  the 

i',ei{i,«r  counter  l:-ay  v»  -h]-ie  .'act-t  --er.to..'.:-.  sparloct  ni  >•  eaaic-  Ircra  lotr  leasity 
air  rhevern  -wh.-it,  -  ''he  uppaiut-v.'  iat  oriJi  c  j.  one  coanx-r  in 

cavil  tvayv  Ihi:  rate-  ime  cy  ae.H.  urini,  the  ‘bar.  yi-'Ocnv  rate'  fc'ith  tray 

r  j.I:;plave.:  an.,  ta^  oeer  a.rtwS'avLed  ir.si  ah<-:  aeacuina  .rate. 

'*■'•'  ''’lit-  I-'Ie.aturi:  .t  Hate  . 

'J.he  thitff-' •  t  oia  cour.tlv.  rate,;^  a,-,i  the  aas-O',  jate.  yackfc round  raves,  were 

ueasare.,  for  televCtvre  of  .he  types  ABC  (6  cbaanels',  A.  B  C  (T  channels) 

ill  iia 

ABC  (6  'jhanrie,  a)  auu  A  B  C  (5  chaaiels; ,  for  eat,fe  direction  of  the  taaKn®"*- * 

113  1  .1  4 

4*  «« 

induction,  and  the  result.,  are  in  table  usd  E  refer  to  the  f.teld 

dire'ctiono  By  which  poe.ttivc-;  an-i  aaons  were  selected. 

A  relajcacion  method  is  used  to  derive  the  fort:  of  the  moaeatusj  spectrum 
from  the  aeasured  rates,  that  is,  Incident  spectm  are  assumed  an.  the  expected 
rates  calculated  and  cruu'paceo  with  ooservatJon.  The  ma,itt  pros.!^-  .is  to-  oeteif--, - 
DiiKs  '(die  trajectory  of  a --particle- which  losea'-ehe^^  and  is  subjeet-to -C^laa^r 
sea tterioG  as  it  posses  throosJh  fiiagJKfclzed,  IrsKJi.'  ' 


TSable  4.1 

Bie  ia.rticlo  rates 

Conf ituratioa 
oi‘  couniara 

MoCiietlc 

fielw- 

Ho.  at  ftete  of 

charnels  for  all 
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single  particles 
cbaanels,  correc- 
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'Khei'e  <y  *>i&  "jis  :u.sim  jq-iar?  pto.r'.julsa.  u:Li:rj3aci»aeat  for  tio  ener^  losa.  It 
0 


vilj.  be  not-lcex  f.be-t  nJi  >he  resul-,.  reiuee  to  the  fasaillHr  ooeB  i'ora^O. 

^“**■"5  Apt>licrtt.’-or.  to  tb;  present  jpec  troji'ai^ 

TSie  HMan  vaeri^  :.d,:;3  pe-r  ax  it  jiath  isiifjitJi  in  iron  hax  been  evaluated 
by  *.iakln£  appropria  -CO-i  iJ  ioix:  to  ths  theoretical  fomala  ior  the  rate 
cC  enerji/  lo.a  of  u;  r'ea  i  -c;;;*  b/  A.,ator.  (is6i)  ami  le  glven^  as  a 

fuacelon  of  !?-u<)n  e-aea-^;;  i  i  la  j  E-iuat  ioaa  4-3  an-i  ttave  been 

evaluate-  I'or  fne  iliM.exe ions  vA'  fee  preseLv  spectrograph  ana  the  resalto 
are  tilvec  iu  fit.  4- 4^  the  .urvas  , '.ve  xLe  systeiaati-  xiopiaccaaent.  A,  due  to 
nagaaetlc  oefiexioa  an^  the  r.Bu3«  /aiue  rtf  cfce  projected  scatterluf  displace- 
Kent  auoot  the  systeioatie  vala<5- 

5  Sse  expecteu  spec  auj  at  :iirin  xeaxq-  aoLlcs 

4. 1  lae  aetlxod  oa!  celculs -Lon 

Li  thic  sect.lCHJ  attection  in  ilrecced  oxiic'  to  the  case  of  pioos  being 
the  EtHirce  of  nmoas,  the  effect.,  of  kaonx  nnd  other  particles  are  conslJerecL 
later,  in  gT» 

tEhe  method  adop«ei  is  to  use  tlKs  vertical  muon  spectawm  as  aeaaaareU  by 
Bayiaan  and  Volfendale  (19^2^'  ax'd  from  it  to  Jeteraine  ■tiie  muoti  prodnetioo 
epectruBi  'and  trm  It  the  pion  produetKm  c^ctrumu  Hie  ad^^pted 
%im  ^^tik8i„ie.,shaii» 


. 


f-\  V-? /j',.*; 


4.,  5"  2  *016  muon  sxiecbruia  at  80*^  to  the  zealth  at  sea  level 

The  nuon  product icai-apectruaii,  M 

has  been  taken  aj  the  atartinfc,  point  and  correctlone  have  been  applieu  for 
enertiv  3ot;s  and  p-e  decay v  aaiut;  the  data  (-iven  in  Appendix  2,  to  elve  the 
expecte.-  uucMa  ^.pe-cruu  ac  cea  level.  At  low  ciooenta  corrections  have  also 
been  applied  for  scattering  in  ine  atiio&i^b,ere  and  the  effect  of  ^eoBiagnetic 
(deflexion,  the  latter  correct  Lon  arising  Deceive  the  axis  of  the  apparatus 
was  at  ail  ancle  to  the  aiagnetlc  neridian-  Tbe  vertical  cotiponent  oi  the 
eeu^th’s  flo?.d  affects  both  positive  and  negative  muons  equally-  but  tte  hori¬ 
zontal  ccmpouent  causes  ivagative  muons  of  a  given  mcxaentum  at  sea  level  to 
have  a  lower  mooentua  e.t  produccion  but  greater  survival  probability  than 
positive  muons  of  the  same  (aoiT'entum.  “Oie  effect  of  this  is  to  introduce  a 
negative  excess  of  low  acxaeutuui  muons,  (see  §  4.6). 

Bie  corrected  spectrum  is  given  in  Fig.  4. 5«  Uiis  spectrum  has  been  used 
as  a  trial  spectrum  and  tiiC  expected  rate  of  events  has  been  determined  for 
each  of  rJie  counter  chan  ele  of  the  spectrograph.  The  calculations  have  made 
use  of  the  data  in  Fig.  4.4  tc  convei  t  the  moiientija  spectrum  into  a  deflexiai 
spectrum  and  alloviance  has  been  laade  for  the  effect  of  scattering  in  the  iron 
and  the  variation  in  rate  of  particles  of  a  given  mcnentwi  over  the  acceptance 
angle  of  the  apparatus.  The  experimental  points,  also  shown  in  Flg.48l!|  are 
plotted  at  the  medisyn  mcmenta  of  the  counter  channels  smd  ttm  ordinates  hear  til 
same  relation  to  the  predicted  i^ctrum  as  do  tlM  measured  rates  t»  t]:M  pcedieti 


(S,&j 


iTE/r„(5d°)> 


relief 


ko. 


3  TE?-  ■lORKOJfm.  SIfiCTROCiHAPE 
5«1  Tbs  General  Arraa^raent 

Dlx^raomatic  vieve  or  ih.3  spo  .trocraph  art;  j;  lven  in  Figs.  5“!  suad  5*2 
and  a  i^ao^ograph  of  ube  lc:>T3vai.ion(.  ,is  sbcnm  ac  tbe  '’roatf  spiace.  Die 
spectrograph  caiprisas  ohe  ooiii  iron  caagnet^  six  trays  of  Geiger  counters 
and  four  trays  of  noon  Issa* taler,,  ihe  Geiger  counters  used,  are  20tb 
Century  Electronicc,  t,vpf»  OcJ,  .*£c.;b  ol'  ceneiti.'ve  .length  60  cm  ani  diaaieter 
5.28  cat.  'Che  fissh-  tubas  us?.,  .jrc  ~£u  cm  in  lert^-rfch  ana  I.5  in  diaaeter. 

The  rsquireiaent N  Co.i  sn  uver.t  to  he  accepced  are  a  tour-fold  coiixcidexice 
pulse  A3CI>  vithout  a  cc-iut  laenc-i  pdise  ti'oi.!  S  or  F  counters.  I'oe  B  ai^  F 
counters  are  loca>.«d  abnoc.  the  ?.o.;niet  and  thc-icr  ran.;tion  is  to  reduce  the 
frequency  of  events  iue  to  exfcani.:  iro  air  showers  > 

After  -ttie  colnciience  a-rrsaigcnteuts  are  setisfie.!,  a  high  voltage  pulse 
is  applied  to  the  fiash-tuve  electrodes  and  a  photograph  of  the  fl., ashed 
tubes  is  taken  by  the  camera  tbroac'n  the  mirror  system  (Fig4P2).  Tbs  lalrrore 


are  so  arranged  that  the  caacm  Icac,  'see?'  a. 11  four  trays  of  flash** tubes* 

At  the  saiae  time  a  cyclxaf,  .system  is  triggerel  t4iich  firstly  illuminates  a 
clock  under  tray  C  and  two  fiducial  oarks  on  each  flai^  tube  tra^i  and 
aeccaxdly  moves  <ni  the  f.Liiuc 
5«2  She  Beon  Flash- Tube 

Bie  charactaristicR  of  the  flash-tubes  ha’/e  been  described  in  detail  tgr  v 
CcBcell  (1961)  and  brief .ly  by  Coscell  st  al,  (I562).  A  sOiawy  Trill  be  glwa 
here* 


Jhe-  ti^s  ooBt^in  (§0  Vs,  ^l&s,  k, 

eC  ahe«^^--dQ  m*  'lbs  ls,'-soda4fiMb~0«y 
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The  variation  of  eificiency  flaahlut  with  respect  to  the  paraaetere 
of  the  electrical  pa3.r.»  aali  otLei'  trporlant  chamcteristics  are  shown  In 
Figs,  5o  “  p.  5  f’-'i'i  1).  r,  i'roEi  these  lis,'js’es  it  is  seen  that  the 

oecesBary  conditions  for  a’.unuL’fi  ij'-'iclvncj  ann  visibility  are: 

(l)  iho  digest  vaica,_'*  pulse  consisi-ect  vlth  an  iasienlf icadit  rate  at 
spurious  llashiAi 

(ii)  Shoi't  rii-e  tl'Ue  or  tic  e'pplieu  pol-ve 
(iii)  Shoi  t  delay  iett/Evea  jaseayc  o.  ±e  pexticle  am  applicatior.  of  the 
pulse 

(iv)  Direction  of  ptcco,;rsph,  the  sniailes;  possible  angle  with 

the  axes  of  .he  I’lash-tuJeL-- 

Tae  method  of  ivat..s:y  in;,  tee  vc;  cot  d}.t.i.o.n,~  will  be  coasiaei'^d  in  later 
sections, 

Ihe  georii triesd  arrangeiaent  exf  flasb-^tubes  in  a  tray  is  Bhown  in  Fig.  %$(&)• 


It  wlli  be  seen  that  cech  tray  coa,,i£t£  of  eight  layers  exf  tubes  staggered  la 
such  a  way  that  a  single  pe.rticle  accepted  uy  the  iastruBient  cannot  pass  through 
a  tray  without  flashing;  at  least  orie  tube.  Electrodes  fomed  by  thin  aliSBiniUD 


'iheets  are  place,  betK^en  .-^uccossive  layers  o£  cubes,  Ihe  tubes  are  BH^ppcfetecL 


in  slots  milled  in  '!Ihfnoi’  square  section  rou  (Fig,  5»^(b))  a.id  pMitioned  in 
such  a  manner  that  any  aaall  bowing  c£  the  tube  is  in  the  horisoutel  plane.  ,  .  . 

All  the  tabes  are  accurately  parallel  to  <Hie  anotter  within  a  tray  and  ttie 
are  alignad  (§5.^)  so  that  all  the  tubes  in  the  ^ole  iaafcruB»nt  are  parallel. 

The  vertical,  distance  oetween  adjacent  txtijea  is  (l,jJC^  +  O.OGl)  ca.  lEhlS 
dlanensioo  is  r^e,rred.-to  as  the  'tube  separatlCKi'’  or  , She 

dtstaase' between 

'  '..I-/;; 


o 


>Ty 


H-o  ; 

*  ■  ^  '  — 'w  1  ^  

vn  scjc.  . 

5*  5i(c^  The  efficiency,  time  delay  cbaracterlatlc  for  the 
ti^s  need  in  the  horlsoQtad.  spectirograjii* 


En.pe<i»roei*^"w^k  fva(iA«4ic»e«ne»)T 


.5’5C^)  Polar  diagram  for  light  out^t  from  the  flaeb-tohea. 


5^5  Blectrouic 

A  blo:!k  cli£,',Tar  of  o io‘, I’ :-t  '  Ip  .-;hwn  in  Fl|'>  5<=T«  As  has 

ali’euc!*/  b'^en  I'lfcJi'/i.oisCJ;  .,e.  i;nt  ij  ABCDU’o  Ih*  out^Mit 

of  the  anSi-ioiiar.'-ick-jD'-i;  linf.  .  '  o.  ,i  Av/ tV'/a  ii-  im-ri.  triggers 

the  hl-th  vol'c.o<.t*  wu'-.  ecu...  ■  :.i  K'i  hr-lr^'  en  ehyrntrai  and  pulse 

o.mnoforiG.er.  Tele  u.uti.  tri  -vor*  -u-,-  :  nj-fu-ij-  irsii-.s,  ?ac;h  coapr.lEl-’oji  an 
eeclocad  3pfi.r:  yap  (  v..ur;  cnoia^x  palua  “i-arsef orsterc  The 

output  of  oacn  oi'  <.ho:-:s  Lj:'  .  .  ■  o.  .  hu'h- ';ub.-;  (the  c.ircuits  axe 

Bhowii  in  Fi{;e  %  G) 

The  ttMi  pcquenci-  foi-  :-.i  c  p!;,  ccr  .:  cVe-nai  in  fir,,  It  is  seen 

thet  a  pulse  oi  rise  ’■iiof  -'d-  ;  c  aTpl.e-j  .o  toe  e].euiro<li?E  0»8  psec  after 

the  pasca.'^e  if  ifca  iord:i.ir.r_,  t.rio  apiiaratutu  The  measured  rate 

of  spui'ious  i’livshas;  io'i.-  f_’a.;hc.  nc-t  asoo-i-laic  >  vifcb  e  (selected)  particle  is 


X  lU***  per  tasb  pul  ic 

From  a  typical  sjenple  oi  ■  X,  .cui  u-  the  Inyec  efficiency  vas  found  to  be 
Y6‘ia  This  figure-  aovi  cliat  lor  w-;  T-aoc  of  sfoxious  fiAShes  are  In  good  agree¬ 
ment  with  the  values  rapor.x^<  ny  Awe?.!  {lici  }  for  the  sa^ne  coaaitions  of 
applied  pulse.. 


5»  A  Allgomeat  of  the  Spectror.~rapr. 

The  aligmaeat  of  the  Lastr>n.'»=nt  ami.  the  determine- tioa  of  tlie  geoaetrl^l 
constants  are  subjects  of  gi’eat  i'rrporcance  anti  a  detailed  descrlptioa  iilll 
be  given. 

Sach  flash- tube  tray  .is  f ittei  ^lith  four  plates  throu^  idiich  a 


h(^  is  bored,  Idie  plates  being  ^in'  identical  :'f osl:ti«»s. 


'hoo''/ 


^2. 


I  Cl  tb c '  t  .1 1.?;'  xu.li :xx  C/  p X  o j c  w^.  G  u  j  X.  i'u‘.  L'  j  v:i‘ ' s\:  a  i X3  t-e ‘.I  a o  tha t 
a)  cotborj  ;hroiii'.h  the  ci^utre  of  t.he  bolo  in 

each  p.LB.ce  ox.i  both  :^  '.ueCf  an 

each  trey  \/aa  Jii  the  rer'..i:aj  p;.:fn^  .^na  che  in  it  vere  horizOBtali 


The  aor^ee  ixf  itori:^cnLal  lavi-]i 


Jr*  three  va;/s!: 


i )  anticall2>'^  uaia,,  a  .-a Lhatoa^ae/*  ■  n.^  ce.-/f3c ope 
■i.i  J  ci.trec  a — mj.ixv^,  s.  ^  ■'  .j  a 


ii)  by  aci-X  a  ./cr.ii •  at  a:ibe  a. 


-  r;/3a  i,Lar.iater  a<j  tb^  ‘^‘lesh-tubea, 


coiitainiva^  a  va-iall  a.iouaw  !^**c:r  a:,;  (aif  cc  bi-^ely  a  Iar£':e  r^pirJt  level)o 
Hic  conec.'intG  ot  v.c  .my'  ^.6(a))  vere  uetexTiioel  asin£, 

cotton  (or  oylca)  iibret  sto.Mich.-a  r  t..ie  or'  the  spectro^^raph  frcia 

]cnita  ^3J^eG  at  each  ena.  oneyTaj  I  Lx  ;j?  .  gi  t  '  ariJ  i  .a  Oi.  the  west«  A  catheto- 
meter  ’ms  tiieu  use!  to  cec  the  kniJ  ;  ■?.  In  aorizon.tel  plane  and  to 
measure  the  vertJeoj.  aisranrm  tree?}  rj  rei'^nmnee  cuoe  in  each  tray  to  the  fibre- 
The  vertical  bepsratioa  af  tne  tube?:  vuo  also  ceasared  in  this  yecfo  The 
horizontal  lijneasious  vej’O  luoariae--  rlth  zr  necuretc  nteel  i:;ape^ 

Coi^rections  vore  :o  the  (  /ei:  :ical}  oeac  nxmeats  Tor  the  catenary 

effect  and  all  che  aeazureniertr.  vrero  .rop(\3tC'llT/  tvro  other  observers-  The  final 
adopuel  values  are  ia  'lablt:  5.  0 

Ih.e  relation  oetween  the  vmiph  con:.*^nts^  the  measured  quantities 

for  a  particle  and  che  niomentuL*..  of  vbc  pa.rticle,  can  be  consltierecl  by  examining 

*SoLe  alignment  nieasureuents  f  lvo  the  quantities  a  >  b  ,  c  -  d 

0000 

and  the  various  and  the  i.ieasureuient:?  on  the  photcgrai^s  (§5*^)  give 
b|  c  and  d» 

ItHaM  memntm  of  the  partiale  is  p  (eV/c)  then  p  «  300  S: 

field  strength  In  gauss  and  p  iu  the  radius  of  curmtuie  in  cm 


n 


pe  =  Hri;'. 

=,  IT  '  •;;oV/i.'  -  ;;..Tgreeft  for  R  =  15--8?  ge'ioso 
Tlie  dfi-flexjOQj  3,  i'  kii-riminej  Irar  the  iiieuirjii'sr.ier'ts  in  a  straightforward 
vey^  Tfaucr 


0  «  Ua 
C 


1 


in  the  staall  aa^le  appi'OxLiri’:.  vcu 

It  is  LOnvenleac  to  imrK  vfJLi  tbe  I1?iear  iiiiiei3£:?Ic>:a  0  =s  •?*  A  >  where 

1  o 


6  «  (a  • 


(-:  •  a)  aiTi  6 


(a  -n  )»i  £  ~3'(c  -d  ) 
CO  X  4t  O  o 


T'hU3>  is  a  constant  of  cao  Aoc^.ruzaent  ana  u  L?  .eterminea  directly  fran  the 
meariore.^  qjantitles  for  ea^.h  ac^ept^-i  particle^ 

The  result  iQf,  reJ.nt  ton  A  ^  17  5  feV7cu 

^  i 

5°  5  £he  Measured  Hates  of  .Ttveri..,:- 

It  is  oBelul  to  ex^Siaine  th^qaencies  of  even  os  of  aiiTerent  typeSc 
®ieoe  are  as  follows; 

Coinciaences  Ab*;!*  ^  1-^  hr"'* 

Coincideaces  A.SCJJ^^.  l6:4  ^  0.  U 

Hate  of  siTi^e  particle  events  observeJ  on  film  t  7»S  ±  o.it.  hr"^ 

Thssse  figures  ■iaaiop.Jtre.u.-  the  Large  contribution  to  the  counting  ziate 
(A3CD)  f  rom  extensive  air  slicwers^  Ihe  overwhelming  majority  of  the  i^owers 
coo^rlse  elecirons  and  have  an  angular  distributlcm  which  varies  with  zwiith 
angle  as  co8®e(eog^  Coxell  et  alo  ?  1<^62)t.  the  nonber  of  mucma  last  throng 
their  being  accaBpaniea  by  shou'ere  at  very  large  zenith  angles  is  coK»iJe»d 
oo  be  very  small.  Sven  vi:k  the  anti>coincldence  armngi^&t  it  is  finad  tliat 
aboat  Qoe  balf  of  .the  events  c<»asist  of  eoctensive  air  shb«s^8| 


-i  J 


have  a  iow  density  aad  -do  not  irig^r  the  conml^r  trg^a;B  'eo| 


V4 


5'*^  The  tfeai.ureaent  !techn'lo.ue 


The  quantity  raquiiei  for  each  paiciclc  ir.  the  angular  deflexion  in 

the  magnstic  fielr...  However,  w,a  hae  n.li'eajy  been  meacioned  (§5.4)  it  is 

itiore  conveaieni.  to  work  with  toe  onan city  A  -i*  A  slate  the  measoraaents  then 

o 

required  are  tho  dlstiuicee  a,  c,  and  It 

Each  phctojraph  is  proper  ceu  or;  co  a  screen  on  \Aiich  is  marked  the 


outline  of  each  Hash  tube  in  each  tray  togeldjer  with  the  pairs  of  fiducial 


markjs.  A  cur’cor  ta  cben  adjurted  over  the  images  corresponding  to  the 
passage  of  the  particle  through  a  sir'gle  trey  and  the  best  estimate  of  the 
■DObition  of  the  trrck  is  rade  Alro  mriaed  on  the  screen  iu  a  scale,  in 
'onics  01’  tuce  bpuc.xg.t  ;t.  s.  ■  ,  ot  the  centre  of  the  fourth  row  of  flash- tubes  i 
in  each  crayo  The  e.i/3ropria:e  valuer  of  a,  i>,  c  and  d  are  read  off  the  scales 
5he  accuracy  jr-  these  rueesiireiaentG  is  0-'^^  cm  at  eacklevel. 

> 7  The  Basic  Data 

i 

The  data  liader  enaiysis  vere  collected  over  a  running  time  of  I69  hours 
4  minutes  tlurlrg  the  period  5  July  1962  to  17  August  IS 62.  In  this  time  sene 
1288  particles  were  recorie ..  pbotograidiically.  To  c*vlate  any  bias  intro¬ 
duced  by  the  experiraental  arrangement  the  magnetic  field  ms  reversed  for 


half  the  running  tliico  The  mean  magnet  current  was  15'’^  A  giving  a  lasaa 
value  for  the  magnetic  induction  of  15. 85  kgauss. 

Frcci  the  measuzed  data,  ccu^rising  a,  b,  c  a  .d  d  for  eac^  particlay 
the  displacaaent  A  +  aixl  the  discrepancy,  x,  (Fig.  5*.  )  the  cestjW’  of 
the  field  were  calculated.  Accidental  coincidences  of  separate  tzihlm  vere 


eliminated  by  rejecting  events  with  x  ^  w.  575  8.  Of  |a  +  aJ  %% 


I&ble  givsp  the  oj’  aace}?oed  e-ve'ii/3  for  fcbe  varlouc.  moinentum 


and  2,eaith  ancle  ranc'sSo 


Although  the  ac-;!ir8cy  ol'  cvar-i  >ae3f;iiren.>r)t  resulting  frocj  the  siraple 
observacions  on  the  projected  ienges  Ir.  sufl’ icieut  ior  particles  of 


coaparativs^ly  lew  tacisentu.'  (p  <  JOO  Gev/c)^,  at  ’aigher  aia3en',n.  an  impiwel 
technique  io  necessary  to  'ive  the  i^cessary  h-UJier  accuracy.  Consequently, 
the  fast  parTic!5!J  w.rc  xv-.ex:.T< -i.ci  usln;.  aric;h'=:r  rjo’LJiod.  Uhls  method 
involved  notixifc  the  pocitions  of  he  flashed  tuoes  in  each  ersy  and  putting 
this  informtion  on  e  ccoJe  diaGre.*.!  (track  HiiaivLator).  IHie  scales  of  the 
dlac'jrain  are  ilsskiiiar  to  lrq>rove  the  acc!jrB.cy  ot'  location  (enlargement  of 
a  factor  of  lr>  rdie  vert’.'-ol  direction  ana  O.-'fift  inthe  hori'-oatal  direc¬ 
tion).  Inforuatioc  usea  ia  this  methcni,  bat  noc  in  the  less  precise  method, 
is  the  Inclination  of  .lie  track  at  each  tray  and  the  accurate  positions  of 
both  the  flashed  and  anf lashed  cubes. 

In  order  to  provide  a  wide  overlap  with  the  projector  data,  all 
particles  having  A  •>  <  0«  46  t.  a.  were  re^measured. 


fhe  moat  sensitive  indicator  of  the  accuracy  with  idilch  the  measore- 
meats  are  made  is  the  mpnitude  of  the  discrepancy,  x,  at  the  centre  of  the 
magnetic  field.  The  frequency  Jistaributions  for  x  for  die  two  methods  are 
ia  Fig.  5- 10*  *11*6  iE^oveajsnt  in  accuracy  for  projector  tbita 

dioire  up  as  a  reduetlcsi  in  the  width  ot  the  dlstributi<ai. 

smgnitade  af‘  x  ari^s  both  from  errors  in  track  location  ^ 


eff#ot  of  Ooii3.0Bh 


seatterit^. 


rvv  iC  ,i-:  a  uCjLs.'taiat;  wiiicfc  contaioa  tae  8ifn:;t  oi  -catteiMUf,  aa.^  jr 

o 

‘A'u-  C'xjtrifai,  iOT'  I'jO.:  oi’  li-ac's.  iocoL-cu  ( aet?  AxjpeuA'x 

;  tLi>'  ic  ■  :’.aa  oio.i  of  iae  acafteritAi  ou:.  Aust',.  Ttic  qu-aatity  ia 

Late.-'  to  the  r. ra.a  uncer'te.iaty  in  ti'a.-li  ],ocp.t.lor!  at  oaoli  ti’n;/'}  c> 
rou'A  i'ho  > rJ '.a  L  oL  the  iaii-srccaeut '  x  ^  ts  4.,' 15o®» 

■“"or  -y-T.].}  ia.:t:lar!^';rer:f...:  Or  .  -c  irri  r.hp  veiae  oC  r  can  tbuo, 

*:>  n  o  o 


rOLH  ‘  *  V  o 


'i^V'  o  O:*  J  J ol  1  crw  a. 


a  t  a.  I'oo  U^c):  nebbod 

.\ri  liiportaat  the  naxl;riu  zaa^ea^iisi,  i>»llcvs  frxi 

tr*  value:  a"  u  (cu*,  ‘.’.ore  >  x'rcu  the  vaJ/oe  of  the  probable  error,  p 

yeo  oj  p  ^  "-.bT  tO). 

The  roriv-,p<^.::iliV  .113^1  h’uo,  .4oU?ct,a.U3vj  uioveno^  (pir>taule  error  va^luea) 


1  ^  ^  OeY/c  lor  the  pro, ^ec tor  aK>UiOl 
(35^  G^v/c  for  tl^e  track  sliaiilator  methoi- 


V>  Accelerator  Charactfrr'stice  of  the  S 


Apart  fr<»j  nsaesuriae.  toe  Gpeo  traa  of  uuooo  at  laree  steoicb  aofciss 
tte  horizoaiial  spec  trocrapii  is  (.iasitt-teu.  to  act  as  a  ’'sou3?ce”  of  vejy  fast 
particiac  (ioO.  auons)  so  that  sicperliaents  loveetieatlne  tbe  iatemetica^  oC- 
these  particles  wliAt  mtter  can  he  carried  oat.  It  is  tbuo  aeceBsa«y  t# 
know  the  iaar.fiatua  ana  epatial-diatrlbution  oi'  the  eraergent  particlas*  Sw 


T'able  5a  4  ©le  Overall  Moraenttaa  Bistrlbutlon  of  Bartic]  as 


13iibl«  X>i$tributioii  of  particles  vlth  exit  aogle  at  D 
ae  a  functirn  cf  position  in  D  • 


Position  la 
D 

(toS'^  ) 


0  t  b 
k  -  8 
8  ..  12 
12  -  l6 
16  .  20 
20-24 
24  -  28 
28-52 
52-56 
56  -  41 


<7^59'  +4^47'  41^55'  -i"o'  -5^4'  .6°47'  -9®5T' 
4-4®47'  --I  55'  -10'  -5  54'  -6®4T'  -9  57'  -12%' 


Bxit  Angle 


6  THE  MQMEMTUM  SPECTRUM  OF  MUOMS  IM  !IBE  ZEHITH  AJiGLB  BAUGB  77. 5^  -  90^ 

6ol  Acceptaace  Caaaracterlstlcs  of  the  Spectrograph 

The  basic  data  for  the  spectrum  measurements  vere  given  in  §51  The 
c£U.culatlon  of  the  spectra  as  a  function  of  zenith  angle  follows  the  methijd 
outlined  in  §4,  i^eo  spectra  expected  at  sea  level  >  on  the  basis  of  plons 
being  the  sole  parents  of  muons,  are  used  to  calculate  the  expected  rate  of 
events  as  a  function  of  zenith  angle  and  momentum.. 

The  expected  spectra  are  given  in  Figc  6«1. 

The  probability  of  a  particle  being  accepted  by  the  spectrograph  has 
been  found  graphicallvo  The  quantify  determined  is  the  'acceptance  function', 
measured  in  units  of  cm®  sterad;  the  rate  of  events  recorded  then  follows  as 
the  -product  of  the  intensil^r  and  this  functionc 

The  acceptance  function  csn  be  witten  as  the  product 

A^(p,  B)a  TJo  Go 

is  the  geometrical  function  determined  by  the  overall  size  of  the 
counter  trays  and  r\  is  the  probability  of  none  of  the  appropriate  counters 
in  the  instrument  being  quenched  at  the  ins-tant  when  the  psortlcle  (of  moaentum 
p,  at  zenith  angle  8}  passes  through  them,  G  is  the  avereige  probability  of  a 
particle  not  traversing  an  insensitive  region  in  any  co'jater  tray  on  its 
passeige  throu^  the  instrumentc 

In  the  present  case  q  n  O088  and  G  «  0.^6. 

The  function  A^(p,e)  is  shown  in  Pigo  60  2« 


looo 


Fig«  6o2  The  acceptance  function  A^(p>e) 


lo 


6. 2  •Baa  Meaaurcd  Maatatua  Spectm 


The  derived  oanentum  spectra  are  shown  la  Figs*  6.3  -  6.7.  la  addition 
to  the  spectm  esipected  for  all  plons  as  parents  those  for  all  kaons  as 
parents  are  also  shown* 

In  Fig.  6. 8  the  data  for  the  whole  zenith  angle  range  axe  collected 
together  and  a  bistogram  is  plotted.  The  results  show  quite  clearlor  that 
except  at  the  lowest  energies  there  is  no  evidence  for  a  large  fraction  of 
the  sea  level  muons  being  derived  from  kaoos.  Further  dlscuesloa  on  this 
point  Is  deferred  until  the  next  Chapter. 


6.3  The  Posltlve^Megatlve  Batlo 

The  ratio  of  the  numbers  of  positive  to  negative  muons  as  a  function 
of  muon  energy  is  an  iBqiortant  parameter^  bearing  as  it  does  on  the  multi¬ 
plicity  of  particles  produced  in  high  energy  coUlslons.  The  data  from  the 
]^sent  experiment  has  been  combined  and  the  measured  ratios  have  been  found 
as  a  fumction  of  mutm  energy  at  ]^oductl(Bi« 

The  data  are  given  in  Tlsble  6. 1  and  the  ratios  are  plotted  in  Fig*  6*  9* 

Also  shown  in  the  figure  are  the  recent  results  of  Bsyaan  aiwi  WEdfendale  (1962)1 
these  measurmaants  were  made  wlththe  Vertical  ^pectrogra]^  at  Omiiin  ai^  the 
maasured  energies  have  been  ctwverted  to  energies  at  production* 

Althott^  the  statistical  accuracy  of  the  present  data  is  low  the  results 
are  of  importance  in  that  tl^  coof  ixm  the  conclusion  of  Biqraan  and  Kolfendale 
that  the  ratio  does  not  tend  to  unlt^p  at  least  befora  Mvml  hundred  OeV* 

This  fact  was  iatexiowted  by  these  authors  as  aaamrSxttt  that  the  fluctaatioaa 
in  the  BUilti^icity  of  hl|^  enargy  piiws  inc^MuMs  with  iaereaslag  ^owngy* 


(00*4  TV 


P%Q  6.6  Tba  Ifcaaared  KaoB&tum  Spcetnai  la  *h«  *•«■•  ^5-®r»5* 


*1*1 


Emrgy  Range 
at  production 
OeV 

Field  A 

Field  B 

li+ 

Poaltive-laiiati've 

Ratio 

10-20 

5 

6t 

96 

I 

2.07  +  1.57 

20-30 

35 

95 

81* 

24 

l,2l*  ♦  0.17 

30  -  1»0 

43 

1*1* 

67 

ko 

1.29  ♦  0.60 

1*0-55 

62 

61* 

5l^ 

0.93  ♦  O.I1O 

55  -  T5 

1*6 

1*1 

5I* 

36 

1,30  ♦  0.1*7 

75-100 

31 

50 

51 

52. 

loW  ♦  0.26 

I  X  -  150 

28 

23 

l!0 

16 

1.7l^  +  0.56 

15c  -  200 

15 

11 

15 

11 

1.27  ♦  0.U 

Tbble  6.1  ^ 

Positive-Sseative  Ratio  as  a  Fuactlon  of  Muon  InezBr  at 

ftroductlon 

(A  and  B  rKfer  to  opposite  field  dlrectloiiB) 


7  INIEIRPFETATION  (F  BE£5UI/rS 


7. 1  Stateiaent  trf'  the  Problem 


■Ebe  basic  problem  is  to  derive  iafoniatlon  about  the  characteristics  of 

highmei'gy  nucleeir  interactions  fr<x]  a  coEparison  at  the  inclined  and  vertical 

auou  spectra..  Of  the  chamctarlsticE  accessible  to  study,  the  most  significant 

io  the  relative  production  ia  the  high  energy  colli jioas  of  particles  which 

give  rice  eventually  to  r-mons.  Kie  most  coavecient  approach  Is  to  tafee  the 

meacured  vertical  speccriaa  as  the  starting  poJjot  ana  from  it  to  calculate  the 

foi* 

prodxictiofl  spectra  of  the  parent  particles/differenu  assutaed.  loasses  of  these 
particles..  Iha  spectrsi  are  then  used  to  calciUate  preaicted.  spectra  at  large 
zenith  angles  and,  by  comparisou  vith  the  on  served  specbrian  concXusione  can, 
i.i  principle,  be  drawn  about  the  noat  likely  parent  particle  (or  combination 
of  particles). 

Prior  to  the  piresent  work  being  carrieu.  out  it  was  not  clear  that  the 
inclined  muon  spectrtwi  was  sensitive  co  the  mss  of  the  jeorent  particle, 
early  work  of  Jateaan  (IS 56)  showed  that  a  large  sensitivity  existed  but  the 
values  taken  fat  the  oasBes  axd  lilethaes  of  the  relevant  particles  were,  at 
that  early  thae,  necessarily  ingn-ecise.  Pak  et  ad.  (I961)  iiiq?lled  a  sens! 
tivity,  but  quantitative  astimtes  not  given.  Bje  tto<xeeticail  stodt 
of  Allen  cmd  Apostolakis  (I961),  however,  showed  that  the  iiKliaed 
ehould  be  comparatively  insensitive  to  the  mss,  of  .^the;par^''|a9^i|%"l'.l 


It  id  cl^r,  then,  that  a  det»illed.the^ti(ay.'-su]elya.ia 


is  aecessazy. 
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It  has  been  pointed  out  alieady  (Chapter  l)  that  measur-eiaants  of  the 
monsntum  spectrtsn  In  the  veirtical  direction  have  adno  been  made  by  the  Duzham 
Coaniic  Ray  Oraup.  Of  the  direct  measurements  made  to  date  the  Duziiam  data 
(Gardener  et  al» ,  19^21  Hayman  aad  VolfendaLle,  19^2)  are  the  most  coo^rehenslve 
and|  It  Is  hoped,  the  most  accurate..  The  data  cn  the  intensities  cure  given  in 
Tables  7^1  and  7«2.  It  Is  necessary  to  point  out  that  these  data  refer  to 
single  particles  which  pass  unaccooq;)anled  thzxMigb  the  spectrcgrapho  It  is 
likely  that  the  fraction  of  muons  lost  through  their  being  accoopcmled  on 
arrival  at  the  Instrument  Is  small  at  momentum  below  100  GeV/c.  At  hiid^er 
moBwnta  some  appz^iable  bias  must  result  but  the  overlap  of  this  mcmentum 
rauige  with  that  covered  bythe  present  experiments  is  small.. 

7a 3  The  Production  Spectrum  of  Muons  In  the  Vertical  Direction 

Rather  than  calculate  the  production  spectrum  of  the  parent  pcurtlcles 
directly  from  the  measured  sea  level  spectrum  it  is  convenient  to  introduce 
an  intermediate  etags,  the  'muon  production  spectrum'  M(p)  or  H(f }  (Although 
mosmntum  Is  the  measured  Quantity  it  is  cooventlanal  to  work  in  terms  of 
energy  spectra;  over  the  energy  range  considered  where  tbs  particles  aue 
relativistic  S  m  pc  and  M(E)  Is  asmsrlcally  equal  to  N(p)  If  p  Is  expreaaed  In 
>  X  energy  units). 

In  derlTlog  N(l}  It  is  sufflelently  aoeurate  tc  assuas  that  the  muesM  ate 
generated  at  a  onlqns  height  in  the  atoospbere.  This  slopliflcatlon  Is  possible 
because  first  order  errors  cancel  when  the  same  assuai^tioB  Is  made  In  going 
from  the  muon  production  spectrum  In  an  inclined  direction  to  the  Inclined  nsion 
spectrum  at  sea  level.  The  resulting  spectrum,  M(l),  Is  given  In  TSsble  7*3; 
also  given  are  the  factors  entering  Into  the  calculation,  vlxt  the  energy  loss 
in  the  atmosphere  frcm  the  pr^.ductlon  height  (83  g. caT^,  the  medium  height)  to 
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Table  7.1  KeasureJ.  DlffereatiaJ  Intensity  ci'  Vertical  Cosmic  Hay 
Muons  as  a  Function  of  Momentum  over  the  Range  5-luOO  GeV/c 


Method  of  McnentuEi 

Differentia]  Intensity 

Statistical 

measurement  (QeV/c) 

( cm~*  cec-^sterai-^  (GeV/  c  ) 

(standaxu  ui 

I 

5,21  .  10-^ 

4,2 

*  j6*5 

2,44  .  10*^ 

3.5 

1  7,45 

1,S5  » 

2.8 

^  s  15 

1c26  ,  10”* 

2,4 

10,8 

8,51  .  1C”® 

3.0 

12,4 

6.14  ,  10”® 

■2.7 

14,6 

4,55  »  lu“® 

2.6 

17  8 

2.52  ,  10“® 

2.6 

22.6 

1,5s  ,  10”® 

2.6 

31>3 

5,85  ,  10^ 

2,6 

42,5 

2,88  ,  icr® 

3-S 

56,1 

1,22  .  ior® 

4.5 

II  72,5 

5,75  .  lO""^ 

8 

88,1 

3,27  ,  10”“' 

c 

✓ 

III 


112 

153 

2hk 

W3 

e5^^ 


1.  56  .  icr' 

5.16  .  lor® 
l.ll»  .  Itr® 

l.S8  .  icr* 
1,84  .  l<r*® 


*  B^oa  of  norattllaatl^  to  Geiger  couoter  ^et;iiaa* 
•»  Brxor  eocori^  to  ^  amlyeis  tor  B«gi^r  (l$51)^ 

I  .  yro^tlo®  _aei|^o4»,;  a,  4.a. :  ^  ^  *  B  OaV/a 

WL:  ■  r-yy> 

-  ni;-  Tioc-k;  cirnm^ .  gss^,,:a«  •:  'GoV/o\' 


10 

16 

20 

460/-31** 

47o/-42«» 


4:5® 


il 


Table  7.2  l!he  Intensities  and  Values  of  7^  of  tjie  Differential  Spectrun  of 
Vertical  Cosmic  Say  Muons  at  Standard  Momenta  ov^er  the  Complete  Range 

0.4-1000  GeV/c 


Momentum 

Differential  Intensity 

(C5eV/c) 

(ciD“®sec'"^Bterad~^(OeV/c  )~^  ] 

0.4 

2.58  ..  10^ 

\ 

-0. 44  j 

0©  5 

2.85  .  10-® 

-0. 16 

i 

0.7 

2.80  c  icr® 

: 

•K).  2? 

1.0 

*2.45  .  10*^ 

■kj.^6 

1.5 

1.S5  ■«  10^ 

•K).S0 

2,0 

1.48  .  icr® 

+1. 14 

5c  0 

8.75  .  10^ 

+1.42 

5.0 

3.75  -  io~* 

+1.76 

7.0 

2.05  .  10~* 

+1.96 

10.0 

1,02  .  icr* 

+2.14 

15 

4.16  ©  i(r* 

■^2.35 

ao 

2.04  .  icr* 

+2.48 

30 

7.20  .  icr* 

+2.65 

50 

1.77  •  icr* 

+2.85 

70 

6.60  .  lO’*'^ 

+2.98 

100 

2.25  • 

+3.10 

150 

6.28  .  icr* 

+3«22 

200 

2.4o  .  icr* 

•^.30 

500 

6.10  .  10^ 

■*5.38 

500 

1.12  .  KT* 

43.>>T 

TOO 

3.50  .  lor*® 

^.51 

1000 

9.70  .  lor»* 

Mmmlitmd  to  tte  Civtn  b/  Bwsi 

Jigtmr  WKjpmm.  _  9t-  llol|pi||l»  10iSt 
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Thble  7»3  Ihe  Vertical  Muon  Production  apectjruat  M(g) 


Eoeargy  at 
proouc  cion 
(OeV) 

Survival 

Probability 

S(E) 

Energy 

Loas 

(GeV) 

Correction 

Factor 

FjE) 

Production 
Spectnm,  M(E) 
( cfflr*8ee“i6teraa*^ 

5,00 

0.27 

2.00 

0. 86 

7.75  X  10^ 

3.55 

0.56 

2.05 

0.85 

4.76  X  icr® 

U.10 

J.43 

2. 1, 

0.91 

5. 14  X  lor® 

5.15 

0.52 

2.15 

0.94 

1.57  X  lor® 

7.:?5 

o.  64 

2.25 

o.s6 

5.71  X  lOf-* 

S.ltO 

u.  72 

2.40 

0.97 

2.76  X  icr^ 

i;.50 

0.'^ 

2.50 

0. 98 

1. 27  X  10^ 

17.60 

0.64 

2.60 

1.00 

4.95  X  lOr® 

22.70 

0.88 

2o70 

1.00 

2.35  X  lor» 

32.80 

0.92 

2.80 

1.00 

7.84  X  icr® 

52.90 

0.95 

2.90 

1.00 

1.86  X  10-* 

73.00 

0.96 

3.00 

1.00 

6.87  X  igt' 

103.1 

0.97 

3.10 

1.00 

2,32  X  lor’^ 

153.5 

0.98 

3.25 

1.00 

6. 4o  X  lOr* 

203.  ^ 

0.9;^ 

3.  ‘*0 

1.00 

2^  45  X  icr* 

(  303.8 

0.99 

5.75 

1.00 

6.16  X  icr® 

501^5 

1.00 

4.25 

1.00 

1.12  X  icr® 

704.8 

1.00 

4.75 

1.00 

5.30  X  lOP^ 

'  1,005.6 

1.00 

5.60 

1.00 

9.70  X  icr^^ 
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sea  level,  the  eurvivai  probability,  3(E),  and  the  correction  factor,  F^(E), 
which  allows  for  the  vtvriation  of  rate  of  energy  loss  with  energy. 

7» ^  Unstable  Particle.;  glvlnp,  rise  oo  Muons 

It  was  pointed  ou..  in  §7.1  that  the  objecc  is  to  obtain  information  on 
the  relative  f requeue iua  of  production  of  the  various  parents  of  the  muons. 

Of  the  Known  unstable  particles  a  large  fraction  give  rise  to  one  or  more 
muons  at  sane  stage  in  their  lecay  sequences.  The  most  important  decay 
schemes  are  listed  in  l^ble  7.4..  Also  given  &re  the  relative  abundances  of 
the  decay  modes  and  the  chara -teristic  energy  (minimum,  maximum  and  mean)  of 
the  reso-i.ting  aiuons  (The  authojs  are  indebted  to  Mr.  J.Li  Osborne  for  this 
Table 

It  Is  clear  fixaa  'idble  7.4  that  Li  the  energy  spectra  of  all  the  generated 
particles  (pions,  kaons,  hyperons  <  were  the  same  then  the  majority  of  the  mucxis 
would  come  from  pions,  foilowej.  by  a  smaller  contribution  from  Kaons  and  a 
much  smaller  contribution  from  the  hyperons.  Consequently  attention  Is  directed 
to  the  evaluation  of  the  relative  frequencies  of  production  of  pions  and  kaons. 

In  the  case  of  the  charged  t<acn,  the  most  frequent  decay  mode  (56jt 
abundance)  is 

-•  p  +  V,  with  a  lifetime  of  1. 22  x  10"^  sec. , 
and  this  is  also  the  mode  lAich  gives  rise  to  the  muons  of  the  highest  energies. 

She  procedure  to  be  followed  is  to  derive  the  sea  level  muon  spectra 
expected  at  large  zenith  angles  for  the  two  extren^  cases  of  all  pi^  and  all 
kaons,  decaying  in  the  ^  mode,  and  then  to  estimate  the  relative  lagKxrtance 
of  K^-productloo  by  ccmpeirisai  oi'  the  expected  spectra  with  observation.  Sba 
relative  importance  of  charged  kaons  can  Hien  be  fcxind  from  the  known  ahuiKlance 
of  the  K^jj~mode. 


Pax'ticle 


sc»-r-c=r»»=-i3S 


Table  Decay  Schemes  feivtiif:.  riue 

Tota 

I  ! 

Decay  Moae  i  Aouiidance  E 


Total  enerty  as  irai  cion  of  Parent 
total  enei-£y 

E  I  E  ,  E 

jimax  I  lain  in  |i 


(b).  Ill  boc^ 

ii  OTpa<irliiiii>f  <  f  n><  ~  ■  1  >iiii  tm~ 

i 

K* 

i  Ji*  +  «°  +  V 

vilb 

1 

;  +  V 

1 

Ooi^ 


BztuKshlng  zmtiOB  not  known 


*  Sach  parent  gives  2 

^  each  parent  gives  1^64 
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7.5  Devlvatlop  of  tha  Production  Spectra  of  flons  and  K^^j-mesooa 

Since  the  esqweted  inclined  sea  level  muon  spectrum  oa  the  assunqptiOD 
of  all  piooB  as  parents  has  already  been  calculated,  it  is  not  necessazy 
to  cany  throu^  the  K  -calcvilatlons  to  sea  level.  Instead,  all  that  is 
necessazy  is  to  evaluate  the  expected  muon  production  spectra  in  inclined 
directions  for  the  tvo  cases  of  pions  euid  E^-mesons  as  parents  and  to 
translate  their  conpeurison  to  sea  level. 

Vhrious  approximations  are  made  in  the  anajysis,  tuie  most  leportant 
being  that  the  primeoy  paz^icles  (protons)  and  the  secondary  nuclear  lnter» 
acting  peurtlcles  are  absorbed  exponentially  in  the  atmosphere  vlth  the  same 
absorption  length  {"K  »  120  g.cmr^).  The  Justification  for  thisvalue  of  X  cones 
from  the  revlevs  by  Sitte  (1961)  and  Perkins  (I961)  on  the  attenuation  of  the 
lAiole  nuclear-active  conponent  in  the  atmosphere.  The  attenuation  length  is 
significantly  greater  than  the  interaction  length  cf  psr'otcns  and  plans,  due 
to  the  conpazative  inelasticity  of  the  hl|^  energy  Interact  Ians.  It  is  likely 
that  the  Interaction  length  for  charged  kaons  is  closely  similar  to  that  for 


pl^xiSa 


Use  is  made  of  the  relation  given  by  Barrett  et  al.  (19^2),  between  the 
muon  productlMi  spectrum,  M^(E),  and  the  production  spectrum  of  tbe  parents 
l'^(S/r),  which  assumes  a  unique  correspondence  between  the  energy  of  a  muon 
and  that  of  its  parent  particle  (l.e.  neglects  the  spread  in  energy  on  decay). 
This  relation  is  «  /«/  \ 

.  <T.l) 

n  c*r  H  * 

where  m  is  the  swan  lifetime  of  the  parent  piurblcle  of  mass  a^, 

&  is  the  weighted  scale  height  of  the  atmosphere,  auid^^r^  is  the  effective 
energy  of  the  parent  particles  which  give  rise  to  muons  of  energy  B«  Soall 


c ox  rec  L ion ^  er\  .iy)pl  •  o  j. 

A)  i-he  1' :J.a 

*  nru; 

:r  r  (S/r  j  tc  a 3 ,1  ov/ 

more  ac.camcei.y  for  .ho 

opreat’.  iv;  em5,iyyle« 

oi  thet  i 

Mmiu  in  the  uecay  prccees 

.reL'U'i  Li.nv  rel.ao'\')u.  are  cienooecL  a..  ?  (E/r  )  « 

X  '  X  c 

The  adop-:ej  values  lor  ?  /arioja  iixa  'dities  are: 

(  i  piQaa  :  v  u..  76^  3  *'0  GeV 

r  n 

-uesOi'S  =r.  0<. ’:)\^ 

1"^  d  i  I. 

The  derive j.  prociuci'.ion  spectra  for  piout  and  K  -Hiesonc  are  riven  in 

M2 

Pi^:v  Tc  ]_<.  Gvei^  lii2ii-e.L  le^iou;  :i;‘  ^ne.T:j  due  sjKU  tx'^.  caa  i-e  approxir^ted  by 

::trai£.ht  lines  of  simple  anal,yti:‘al  .formj  j'r>r  ohe  picn  produc-oiOD 

snectniT*.  F  (E  for  10<S<1000  VttV^  ane  :  or  the  K  prociictjon 

-  ^  3r'  c  ^ 

spccGrum^  F«(E.  =»  0c64£  for  ?C><SI<:?CO  GeV. 

js\  e 

^  Muon  Production  Spectra  at  Le.rge  Eeidth  Aii^eb 

The  muon  pi'oduclion  spectra  can  be  ieri^aa  in  a  strain, htroirwari  W8,y^ 
usin£  equation  (7-1'  m"*iclified  to  allov  for  effect  oi‘  obliquity  by  usltig 
the  value  of  appropriate  to  the  zenith  a^igle  0o  At  small  zenith  ang;les 
3  (0)  as  sec  0  but  at  aisles  aoove  abouc  a  more  ccmp]  icated  expression 
is  necessary^ 


Heglect.-iiie,  lecai^  spreac., 
the  cases  of  all  K  _  mescas, 

jia 

directly  as 


the  ratio  of 
aad-  ali  pions, 


;he  muon  production,  spectra,  for 
as  parencs  of  the  muons,  follcvs 


l.i^(E,0)  FuWt-K^  *■»  -E/B^CS'U 

ri:i7oi "  pTett”  - •  Tr5'57\(8a  ••"••• 

under  the  name  apprcBcimation  for  equation  (Td  o  Small  corrections  are 
applied  for  the  effect  of  deca^r  spread,  and  the  ratio  is  plotted  as  a  function 
of  I  for  various  "wilues  of  6  in  Flg«  7°  2.  Sjjjce  the  subsequent  history  of  the 
ma<»rs  does  not  depend  on  the  cMracter  of  their  parents  the  ratios  shown  in 
fig.  T.  2  are  also  the  ratici|of  the  wa  level  muoa  intensities  expected  in  tite 
two  cases. 


It  l8  Innedlately  apparent  tbat  the  intensity  of  amoos  in  inclined 
directions  is  sensitive  to  the  mture  of  the  parent  particles,  and,  if 
adequate  statistical  accuracy  is  available,  the  fractions  of  mvaxoB  derived 
froa  plans  and  ksMSis  can  be  determined. 

7«7  Deteminstion  of  the  K/<  Ratio  from  the  Measurements  of  Inclined  Spectra 

7*  7« 1  Ihe  measurements  at  8o° 

The  spectroB  oeasured  at  Qo°  (Fig.  4.^,  p  38}  has  been  converted  to  a 
spectrum  at  production,  aztd  the  intensities  are  coopared  in  Fig.  7<>3  vlth 
those  ej^eeted  on  the  basis  of  100j(  pious  or  100^  K^^-nesonsas  parents.  Also 
shoen  in  the  figure  is  the  curve  corresponding  to  equal  production  of  plons 
and  E  -aeBons. 

It  is  possible,  by  intezpolatioo,  to  determine  the  fzmction  of  K^-oesons 
(F^)  required  to  give  agreement  vith  ejqperlment.  It  is  cleeur  from  the  figure 
that  there  is  no  evidence  for  a  large  value  of  F^^,  in  fact,  the  results  are 
not  Inconsistent  vlth  *  0  throughout.  Ihe  derived  values  of  F^  have  signi¬ 
ficance  only  for  the  tvo  points  of  Mutest  eiwrgy  vbere  the  statistical  accuracy 
is  reasonable.  Ibe  lxiterpolat*K\  values  are  given  in  Table  7<>3<>  Ih  this  table 
the  errors  in  F^  have  been  increased  to  allov  for  the  statistical  errors  (>*'3^) 
in  the  vertical  muon  spectrum  on  vhlch  the  calculations  are  based. 

T^T.aasjHaaSsrgTOte.  in  the  ranee  77.5^-90° 

A  similar  treatment  has  been  carried  out  for  the  measurements  made  vlth 
the  f lash- tube  qpectrograph  and  the  data  of  Figs.  6/have  been  combined  to  give 
the  ratios  of  muon  Intensities  at  production  given  in  Fig.  7»^<  A  feature  of 
the  results  is  that  there  is  sosn  anomalous  behaviour  of  the  ratio  at  energies 
belov  20  QeV}  however,  this  is  Just  ttie  region  vAiere  there  are  large  corrections 
for  the  effects  of  scattering  InlLe  atmosphere,  energy  loss  in  the  magnet,  etc. 


It  i8  coultervd  that  tlMse  ana— lom  —1—8  do  not  Invalidat#  tbn  caaela> 
sloiui  at  higa,  anargieB  vliexa  only  flaall  corractlou  ara  appllad  to  tha 
data* 

Hie  interpolated  values  of  are  given  in  TUila  7*  9 

7*7*3  Tha  Meaauramenta  of  Allenaad  Apostolakis  (l96l) 

It  bets  bean  resaurked  already  tbat  tbe  only  otbar  aeasuraaent  of  tbe  mamuHbm 
^ctrun  at  very  large  senith  angles  (>f0^)  is  tbat  by  Allen  and  Apoatolakls 
(1961).  Since  tbeir  results  have  not  been  analysed  vlth  respect  to  tbe 
detenoi— tion  of  tba  quantity  this  analysis  is  carried  out  bare*  Hm 
data  for  the  angular  range  have  been  coBd>ined  and  tbe  ratios  of 

observed  to  expected  intensities  of  auions  at  production  have  be— 1  calculated 
as  a  function  of  muon  energy*  IheM  results  are  prasatttad  in  Pig.  7*^ 

The  values  of  F|^  have  bee-n  found  in  tbe  usual  esy  and  the—  are  given  in 
Tbble  7*3* 

7*7*^  Conclusions  from  the  neaeurenents  of  inclined  snectra 

The  values  of  F^^  found  in  the  three  experiasnts  are  ]^otted  against 
muon  energy,  for  energies  above  20  GeV,  in  Fig*  7*6^ttnder  tbe  assoiptlon 
tbat  Jj,  does  not  vary  vith  muon  energy  over  tbe  range  20  -  liOO  QeT,  the  data 
can  be  cosblned  with  the  result  that  F^^  is  less  than  <«0*  2^*  This  naans  that 
less  than  2^J(  of  tbe  sea  level  nuons  in  this  energy  range  axe  derived  f  ran 
kaons  decaying  in  the  K^-node. 

Thecalculatlons  can  be  pressed  a  stage  further  by  det— lali«  tbe  coraea* 
ponding  eoatrlbutlQn  fron  all  charged  haena,  from  a  keonOLedge  of  the  relative 

abundaace  of  charged  kaons  of  decay  nodes  other  than  and  tbeir  relative 

pe 

efficiency  of  prodnoing  eawos*  9w  aoet  iaportdnt  node  is  the  X  nods 


Table  7»3  as  a  function  of  muon  energy  at  production 


Experiiaent 

Muon  Energy 
(GeV) 

F 

K 

Durham,  80° 

56 

0o25  +  0.23 

44 

Oo  22  +  Oo  20 

Durham,  77<=5  -  90° 

28 

>0.66 

55 

<0.22 

1C5 

<0.18 

361 

<0.02 

Allen  and  Apostolakis 

28 

<0.25 

'm 
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(K  ^  ->  +  it®S  abundance  I'l'h')  which  has  an  efficiency  of  about  65/^  for  a 

production  npectrim  of  the  form  The  effect  is  to  increase  the  iq)per 

Unit  05.’  to  that  is,  ihe  ratio  of  all  clmreed  Icaons  to  charged 

pions  plus  '<aons  has  a  va-lue  less  than  O.J. 

A  further  coistributior  to  the  aucn  flux  is  expected  fraa  neutral  kaon8> 
in  particale.r  through  the  F.®-iEoie: 

-*■  -f  n~  (lifetime  loO  x  10“*’®  sec) 

At  blgih  energies  it  is  likely  that  the  frequencies  of  production  of  the  four 
states  of  the  kaoa,  K'K~K'^f^,  are  equal  and  the  result  is  tlu*t  the  i;q^r 
iimit  to  Fjj  is  increased  a  little  fur  there 

The  conclusion  is  that  the  ratio  of  the  production  of  all  (charged)  kaons 
to  all  kaons  plus  pions  is  less  than  'vC.  55  that  is,  the  K/n  ratio  is  less  than 
«<Og55  pioc  energies  in  the  range  5C-600  GeV,  the  correspond!,  g  range  of 
the  primary  protons  being  s-xiproximately  700  -  30,000  GeV» 

7“ 8  Comparison  vitb  other  observations 

Conclusions  about  th?  fraction  of  muons  derived  from  kaons  at  lower 
energies  have  been  made  from  studies  of  the  polarization  of  muons  at  sea  level 
and  undergroundc  A  recent  summary  has  been  given  by  Wolfendale,  (1S62), 

/  leading  to  the  conclusion  ohat  K/'x  ratio  Is  0.5  for  pion  energies  below  l6  GeV 

(muon  energies  <12  GeV),  a  conclusion  that  comes  mainly  from  the  work  of  Bradt 
and  Clark  (1962}  and  Alikhtuiyan  et  al.  (1962).  These  indirect  deteiminatlcns 
of  the  K/it  ratio  are  consistent  with  the  direct  measurement  of  this  quantity 
In  machine  esgperimentso  Ihua,  von  Dardel  et  al.  (i960),  usixsg  25  GeV  protons 
from  the  CERB  proton  synchrotron,  found  a  K^/jt*  ratio  in  the  range  0.2  •  0.5 
and  a  K'/n*  ratio  In  the  range  O.oU  -  0.07^  the  results  referring  to  secondary 
particles  of  energies''  5  to  I8  TeV. 


flf.  %7  9m  elation  or  tto  l^«  wtlo  vitli  mmrgf 


HI 


At  ruuoh  aijier  3;urgics  tJtuc.iet;  of  co.mic  ray  jets  have  shown  that 
the  K/it  I'atio  it;  stiLL  coo;paraui\e3y  iowo  'IhUB,  Bcfjler  et  al.  (1962) 
rind  K/ jt  <  0.  ';  ''o2‘  the}  ranj“  of  etaerry  of  produced  particles  JOO  -  7>000  GeVo 

Finally,  in  Fig.  7°7>  li/'r  rcatios  foand  by  the  x'arioaa  methods  are 
siown.  7ji  adlitiC'E  t<)  the  erieiiij  tuile  for  the  resulting  muons  an  estimate 
if  made  of  that  i'er  t'iC  primf’.ay  protons. 

7r.  Concxusloos 

Th.e  coDciu..rLon  o  be  drawn  frciu  this  work  is  lihat  the  ratio  of  the 
uenbars  of  kaon.  to  pions  I’of  the  saue  anoi’ty)  produced  in  proton-air 
nt;cleur.  collio:.onr  is  less  than  tpi  iT/er  ;Ue  range  of  proton  energy  700  - 
5C,OvOO  GeV.  Tt.l'.en  i.ogc-the.r  with  the  rasults  of  other  experiments  it  is 
clear  rhf.t  thara  is  no  evidence  lor  a  rapid  iaci-ease  in  the  K/h  ratio  over 
an  energy  range  'if  prliiaxy  proton?  extending  fron  a  few  GeV  to  acme  500,000  GeV. 

The  type  of  exparlmient  desci-ibed  in  this  report  is  importaot  in  that 
the  conclusion  about  the  K/r,  latio  is  made  with  a  minimum  of  assumptions  sdaout 
nuclear  processeso  I:a  this  i-espcct  it  is  superior  to  both  the  polarization 
studies  and  the  jet  studies. 

More  extenieu  c’easureiiientB  on  both  the  incline i  spectrum  and  the 
positive-negative  ratio  should  er^able  closer  limits  to  be  put  on  the  K/h 
ratio  and  an  examination  to  be  ms.de  of  fluctuations  in  the  multiplicity 
of  p’*cduced  particles  at  ultia.-high  energies. 


APPeaPU  1  Ll«t  of  Hxdmlol  loto».  vlth  Ab»timct« 

Bo.  1  Yaarlatlons  of  tb«  Ii«vl  Muon  FliiT* 
by  P.V.  O'Connor  and  A.V.  Vblfandale,  26  Jaxuaxy  i960 

Abitract 

Sw  characteristics  are  described  of  a  cosbIc  ray  spsctrctsraph  vlileh 
uses  a  solid  Iron  nagnet  vlth  Geiger  coui^ters  as  detecting  elenenta.  Tlie 
IxistruBHOt  is  being  used  to  study  the  Tarlatlons  of  the  flux  at  sea 

level,  vlth  direction  and  tine,  as  a  function  at  aonentuBk 

Preliailnary  results  are  reported  of  the  neasurenent  at  the  pressure 
coefficient  of  the  u-aesan  flux  fca*  three  bends  of  aoeenta  having  nedlan 
values  2o9  GeT/c,  GeV/c  and  806  GeV/c.  Using  a  slsple  one- tent  regression 
formula  the  corresponding  pressure  coefficients  are  sh**^,  0*1^^  ab*~^  and 

0.11^  mb*^.  Ihese  values  bear  a  constant  ratio  to  the  ei^pected  coefficients, 
as  vould  be  expected  fron  an  analysis  based  on  the  known  mechanlsn  of  the 
propagation  of  coenic  rays  and  the  properties  at  the  ataospbsre* 

Bo.  2  Correlation  of  Intesslty  Changes  of  the 
Sea  Level  Muon  Flux  vlth  Pressure  Changes 
by  P.V.  O'Cconor  and  A.V.  HOlfendale,  1^  July,  1961 

Abstract 

A  cosalc  ray  spectrograph  has  been  operated  near  sea  level  for  an  extended 
period  and  intensity  changes  of  the  particle  flux  have  been  correlated  vlth 
changes  In  the  osteorologlcal  paraesters.  In  particular,  the  variation  of  flux 
vlth  ataobpbsric  pressure  has  been  exanlned  as  a  function  of  particle  mssntii 
Id  the  yta&:  2  «  ii>  GeV/c.  Ihe  results  show  no  evidence  for  aaor  appireciable 
departure  fron  the  theoretical  predictions  of  Dornaa  (1997)« 


by  Fv,  AshtOQ,  3f « V j  0  ’ Conaor  and  A.  W.  WolfeaJale;  1S61. 


Aba tract 

‘Ihe  characteriscica  oi  a  co.Jiit  ray  epee  crc^ymph  i^icb  a  solid 

iron  nsat  tet  a;,  the  ^flectioi,  eleraeac  imve  aireaJy  beea  described  by 
vj ’Connor  and  Wolfendale  (l$6o).  The  present  work  c<Hi3i-iers  the  proo;a& 
oeC  the  accurate  determination  ci  the  aoeienta  of  cosnic  x'a^a  craveraiot 
the  inafcruiaent.  In  particular,  the  caagnetic  and  suatterlnc  djeflectionr 
of  Duona  are  evaluated  lor  the  case  in  ^diich  i-ioiaentua;  loss  in  the  ir<Mi  is 
iiaportaat. 


So,  4  Properties  ut 


Appendix  2  Atmospheric  mass  as  a  function  of  genlth  angle 

1 

i 

A  requlreraiaat  of  cal'-ulations  on  the  propa£:,ation  of  cosmlu  rays  in  the 
atmosphere  is  the  variation  of  atmospheric  njassvlch  zenith  angle  and  disoance 
fr^-'m  sea  level- 

Calc 'ilat ions  have  been  made  using  che  'standard'  atraoaihere  given  by 
Rossi,  (1952),  ■which  is  sufficiently  accurate  for  the  range  of  atnioapdieric 
depths  cxf  iii5)cr'tance  to  cosmic  ray  propagation,  wi'th  the  results  shown  in 
Figure  A2cl  and  A2a2o  Fig'dre  A2..  1  shows  the  mass  of  atmo8|diere  traversed 
by  a  particle  arriving  at  a  poin::  dis-tance  S  fr<Tii  sea  level  in  the  direc¬ 
tion  8,  for  a  variety  of  zenith  angles..  Figure  A2.,2  gives  the  total  mass 
traversed  by  a  particle  arriving  at  sea  level;  also  shown  is  the  result 
for  the  simplified  case  where  the  curvature  of  the  earth  Is  neglected 
(flat  earth  approxitnation  o  It  is  seen  that  the  departure  from  -the  approxi¬ 
mate  result  occurs  at  about  In  figure  A2«5  -the  variation  of  the 

quantity  is  plotted  as  a  f’lnction  a£  Xj^ere  p(x)  is  •the  air  density 
at  a'tmospheric  depth  Xc  The  weighted  scale  height  of  the  a'tmosphei^  at 
zenith  angle  e  is  given  by 

"  *0/  fe'Oe 

J'  .^4)  dx 

and  this  value  can  be  found  with  the  aid  of  Fig. 'A2.3* 


rOoSS  o-t  y^K<OHr>  S  fe<n,  to  <x\:  ^ejTvxtVn 


■UJ..a.IJj-L  1 . .,.1, . ■l.-L..jLJ-lJii _ J. _ LJ.  iJ-LliJ 


rrlc  Mt80  M  ft  ftuicticft  of  ^aiiith  ftO^la 


Qm  vttriatloa  of  ttM  x«tlo  of  staoqplMrie  dqptb 
to  danaity  vlth  ataM!pit«rlo  dratb. 


Appendix  'f>  Energy  Loss  in  the  Atmosphere 


If  E  is  the  energy  at  groun-i  levex  ani  E  the  energy  at  the  production 

X  '  „  2  ■ 

liE 

level  then  ^  dx..  upjjer  limit  of  this  integral  for  a  given 

zenith  angle  corresponds  ;:o  an  atmospheric  depth  of  120  gm  cm“®  and  cem  be 

found  froa  figure  A2o2.  ihe  variati  'in  of  the  energy  loss  of  muons  in  air 

has  been  found tynaking  appropriate  modifications  to  the  equation  given  by 

d£ 

Ashton  (1961}  for  the  enei'gy  loss  of  muons  In  iron.  In  figure  A5<.1,  is 
plotted  as  a  fujiction  ol'  E  for  three  different  air  densities;  corresponding 
to  gr>'and  level,  the  production  levels  of  muons  in  the  vertical  and  in  the 
horizontal  directionsa 

The  survival  probability  of  a.  muon  betvreen  atmospheric  depths  x^  and 

at  zenith  angle  d  is  given  by 

,s 


I"  px  m  c  o 

exp  -  -j^  r^l  »  dx  I 


Je 

where  m  and  T  are  the  mass  and  rest  lifetime  of  the  muon« 
p  o 

The  equation  has  been  integrated  numerically  and  the  resulting 
survival  probability  is  given  in  Fig.  AJ.J. 


.1 


energy  loss  for  muons  In  the  atmosphere c 


.Si 


109 
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( 


I 


hz.i. 


Muoq  eoergy  at  productlcm  as  a  function  of  energy 
at  ground  level. 


no. 


CooaidtzAtloo  at  tte  tteogiy  of  tlM  qpectarogmph  (§I^)  abom  Urntf  for 
tlM  nagnatie  induction  oaad  in  tte  axparlnantBf  tte  ratio  at  ran*  a*  aenttarlag 
deflnaion  to  aagnatic  daflaxion  ia  0*30.  Aa  vaa  aantiooad.  in  i3*7»  it  ia 
poaalble  to  eteck  ttala  value,  and  to  datemlne  tte  nagaltude  of  tte  accinai^ 
of  track  location,  by  studying  tte  variation  of  tte  r*ii*a.  valua  of  tte  dla- 


crq^ancy,  x,  (fig*  Al»>l}  at  tte  centra  of  tte  aagmt,  tilth  aonentun. 

In  Fig.  Aiii.1,  X  ia  given  by  x  «  jC|0^  £jpt^  (y  •  tdiere  tte  flrat 
two  terms  arise  from  scattering  in  tte  trays  B  and  C  and  tte  final  term  arleea 


from  scattering  in  tte  magnet. 

9w  diatributlons  in  a,  and  a  are  Gausalans  vlth  standard  deviation  7*7 

A  ft 

X  IQT*  p*^  radians. 

Qie  diatribvtlon  in  (y  •  follows  from  scattering  tteoxy:  Qie 
probability  that  a  particle  of  maaentam  p  suffers  an  angular  deflexion,  f 
(projected  angle),  and  a  projected  displacement  y  in  traversing  t  radiation 
lengths  is  given  by: 

F(t,y,®)dyde  •  ^  •[  ^ 

vtere  »  «  and  S  «  21  NeV/e*  (Soasl  and  aralaett,  l^bl). 

•  je 

From  this  equation  tilw  dlatrlbatlon  ia  y  la  found  to  be  a  flawMilan 

«i^  standard  deviation  <8h>,  vhere  <e>  ia  ^te  r*a.a«  projected  aagbe  at 

aoattteini  in  tte  magnet. 

Zt  f  oUon  tbnt  tte  diatr&utlon  ia  x  ia  Gatesian,  vltdi  etnadmrd 


deviation 


( 


( 


U2. 


V  »o”  ♦  S  *  =‘o' 

-^0.0157  k”  *  0.00052!  + 

(to  unit0  of  t*8.*) 


where  x  Is.  as  in  85o7,  the  ccmtrlbutloD  from  errora  in  track  location* 

The  variation  of  <hc*>  vith  for  particles  of  sufficient  energy 

for  the  energy  loss  In  the  magnet  to  be  neglected^  is  Bhowi  in  Fig*  iUi«2* 
Also  shewn  is  the  theoretical  line,  drawn  through  Um  weighted  asan  value, 
fovmd  assuming  K  m  0>30*  The  fit  ^  >  the  experimental  points  is  n^arded  as 


satisfactoryv 
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